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Sir: 

I, Nasser Chegini, Ph.D., of the University of Florida, hereby declare: 
THAT, my curriculum vitae is attached hereto as Exhibit A; 
THAT, I am a named inventor on the above-referenced patent application; 
THAT, I have read and understood the specification and claims of the subject application and 
the Office Actions dated January 13, 2003; July 29, 2003; and March 23, 2004; 
AND, being thus duly qualified, do further declare: 

1. The claims in the above-identified patent application have been rejected under 35 U.S.C. 
§ 1 1 2, first paragraph, as being non-enabled by the specification. As discussed during the telephonic 
interview of May 20, 2004, at issue is whether the method of the invention would function to reduce 
adhesion formation. I believe that a more complete understanding of the invention can be provided 
by an explanation of adhesion formation. 

2. Adhesions are abnormal fibrous scar tissues that create connections between tissues or organs 
that are normally separated, or between tissues and foreign materials (such as sutures, lint, and 
implants). In addition to restricting movement and distorting internal organs, adhesions can 
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contribute to infertility, chronic pelvic pain, bowel obstruction, and difficulty in reoperative 
procedures. It has become clear that excess production and deposition of the extracellular matrix 
(ECM) which occurs during normal wound healing is a key factor in producing tissue fibrosis, 
including the development of adhesions. A coordinated balance between the production of the 
endoproteases known as matrix metalloproteinases (MMPs) and tissue inhibitors of MMPs (TIMPs) 
is an important step in tissue remodeling. In general, MMPs are not expressed constitutively in vivo 
in adult tissues, but they are induced in response to various stimuli, including pro-inflammatory 
cytokines, growth factors, and hormones. MMPs are also induced in tissues that normally undergo 
extensive remodeling, such as the endometrium during the menstrual cycle and wounds during 
healing. Normally, the MMPs function to degrade protein and regulate cell migration. For example, 
MMP-1 degrades collagens I-III and VII and fibronectin. In contrast to MMPs, the expression of 
TIMPs is wide spread in many tissues and is regulated in co-ordination with MMPs. TIMP-1 
inhibits the activity of MMPs by forming a high affinity complex in a 1:1 ratio. In addition to 
inhibiting the activity of MMPs, TIMPs have also been shown to have growth factor-like activity by 
stimulating cell growth. Thus, for normal healing to occur, the availability of these molecules must 
be optimal. Inhibition, interruption, or excess expression of these molecules seems to be responsible 
for failure in normal healing, resulting in either impairment of tissue formation (a non-healing or 
chronic wound) or excess tissue formation (scar/adhesion development). Further information 
regarding adhesions can be obtained from the review paper submitted herewith as Exhibit B, of 
which I am the author {Frontiers in Bioscience, e91-l 15, April 1, 2002). 

3. Several issues with regard to the enablement of the invention were discussed during the 
telephonic interview. The Reviewer asked under what circumstances adhesions can form, and 
whether TIMP-1 has been shown to be over-expressed in each case. Adhesions can be induced by 
infection, hemorrhage, foreign bodies, ischemia, and/or trauma (such as surgical injury). Even 
minimal trauma, as from the most routine activities of surgery including cutting, coagulation, and 
suturing can directly result in the formation of adhesions. Although intra-peritoneal or intra- 
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abdominal adhesions are the most common, adhesions can occur, for example, following 
musculoskeletal surgery, ophthalmic surgery, orthopedic surgery, surgery of the central nervous 
system, and cardiovascular surgery. Foreign bodies such as sutures, lint from surgical sponges, or 
powder from surgical gloves can cause a local inflammatory response, which can lead to an 
imbalance of key molecules (e.g. , MMPs and TEMPs) and adhesion formation. Blood present in the 
operating field as well as blood from other tissues can cause adhesion formation. Post-operative 
bleeding can cause formation of adhesions. Constriction or pinching of blood vessels may also 
induce the formation of adhesions. 

4. It is still poorly understood why adhesions form more frequently in an individual tissue 
and/or patient than in others. Intra-peritoneal adhesions are more often reported because surgeons 
routinely conduct peritoneal dialysis, laparotomy, and laparoscopy, which frequently induce adhesion 
formation. Furthermore, the serosal surface of intra-peritoneal organs and the parietal peritoneum 
together comprise the largest surface in the body, almost equaling that of the skin. Complications of 
intra-peritoneal adhesions are also quite severe (e.g., bowel obstruction, infertility, and chronic 
pelvic pain), creating a great deal of interest in prevention of intra-peritoneal adhesion development. 
For example, administration of anti-PAI-1 antibodies has been reported to reduce the incidence of 
adhesion formation in surgically-induced peritoneal injury (Falk K. et ai 9 Br. J. Surg., 88:286-289 
(2001), submitted herewith as Exhibit C). Peritoneal wound healing is not dissimilar from wound 
healing in other soft tissues of the body, however. In fact, it is well understood that a local 
inflammatory response and tissue remodeling are underlying processes which occur during normal 
wound healing throughout the soft tissues of the body, including the peritoneal cavity. It is also 
generally accepted that failure of these processes to properly orchestrate is necessary for formation of 
adhesions, whether the adhesion is induced by infection, ischemia, or trauma. The outcome is the 
same regardless of stimulus or anatomical site — fibrous scar tissue (adhesion). Thus, surgical 
adhesions of the peritoneal cavity are the accepted experimental model for adhesions in general. 
MMPs are typically not constitutively expressed; however, they are induced in tissues that normally 
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undergo extensive remodeling, such as wound tissue, and in response to various inflammatory 
conditions. In contrast to MMPs, the expression of TIMPs is widespread in many tissues and is 
normally regulated in coordination with MMP expression (see, for example, Parks, W.C., Wound 
Repair Regen. 7:423-432 (1999); LundL.R. et al.,EMBOJ., 18:4645-4656(1999); andGomezD.E 
et ai, Eur. J. Cell. Biol, 74:111-122 (1997); the full-text or abstracts of which are submitted 
herewith as Exhibits D-F, respectively, for the Reviewer's consideration). To my knowledge, 
whether TIMP-1 is over-expressed in adhesions other than intra-peritoneal adhesions has not been 
reported in the scientific literature. However, because TIMP-1 is expressed in a wide variety of 
tissues, inhibiting MMP proteolytic activity and regulating cell migration, and because adhesions 
form as a result of excessive cellular migration and ECM deposition, there is no reason to doubt the 
applicability of the method of the subject invention to reduce adhesions in general, whether they are 
induced by infection, ischemia, or trauma, and regardless of anatomical site. 

5. During the telephone interview, the Reviewer raised the question as to why the level of 
TIMP-1 expression in tissues and peritoneal fluid did not correlate, and why TIMP-1 expression in 
peritoneal fluid was not higher in patients with moderate and mild adhesions compared to patients 
with no adhesions. As indicated at page 7, lines 9- 1 5, adhesions were classified on the basis of their 
severity. Adhesions involving only a small area (usually the fallopian tubes or ovaries) and lysed 
with ease were categorized as "minor". Adhesions involving larger areas were classified as 
"moderate". More vascular and cohesive adhesions were categorized as "extensive". The highest 
level of TIMP-1 expression was found in peritoneal fluid, followed by adhesions, intra-peritoneal 
tissues and organs {e.g. , large bowel, uterus, fallopian tube, ovary, peritoneum, omentum), skin, and 
fascia (as indicated at page 8, lines 13-15 of the patent application). With respect to the type of 
adhesions, the peritoneal fluid of patients with extensive adhesions had substantially higher TIMP-1 
levels. Compared to peritoneal fluid, parietal peritoneum from all patients express more MMP-1 , but 
significantly lower TIMP-1, with both expressing equal amounts of MMP 1 /TIMP-1 complex, as 
indicated at page 8, lines 23-26, of the patent application. As indicated at page 8, lines 16-17, of the 
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patent application, we observed that in the adhesions, the level of TIMP-1 expression was 
substantially higher in patients with an extensive adhesion, compared to moderate to mild adhesions, 
but was not significant (statistically). 

6. There is substantial variability in the expression of many factors among patients and this also 
applies to TIMP-1. Subjecting the mean levels of TIMP-1 from these groups to statistical analysis 
revealed that, despite differences in their values, their mean values did not reach the desired P values 
because of large SEM. The difference in TIMP-1 levels in peritoneal fluid among patients with mild, 
moderate, and extensive adhesions, is not surprising, however. Factors detected in peritoneal fluid, 
such as TIMP-1, include those derived from the peritoneal cell lining (e.g., mesothelial cells) and 
resident cells of the peritoneal fluid (e.g., inflammatory and immune-related cells). Furthermore, 
peritoneal fluid has a periodic turnover. Thus, the level of TIMP-1 in peritoneal fluids is influenced 
by variables such as the expression and release of factors by the resident cells of the peritoneal fluid, 
the contribution of serum-derived factors to the peritoneal fluid content, the rate of peritoneal fluid 
turnover (and, thus, the timing of the sampling), making the data more informative as to the 
peritoneal environment in general, but less specific than tissue samples taken from the serosal tissue 
surface, where adhesions actually form. Peritoneal fluid turnover and the variability of factors 
present in peritoneal fluid are well documented (see, for example, Ho-dac-Pannekeet M.M., Adv. 
Ren. Replace Ther., 5(3):205-21 1 (1998); Wang T. et al, Peril. Dial. Int., 19 Suppl. 2:S212-216 
(1999); Koks C.A. et al, Fertil. SteriL, 73(3):604-612, (2000); Hellebrekers B.W. et al., Thromb. 
Haemost, 84(5):876-881, (2000); Scheingraber S. etal.,Am. J. Surg., 181(4):301-308 (2001); Zeier 
M. et al, Kidney Int., 63(l):298-305 (2003); the full-text or abstracts of which are submitted 
herewith as Exhibits G-L, respectively, for the Reviewer's consideration). Therefore, the difference 
in TIMP-1 levels in peritoneal fluid compared to tissue, and in peritoneal fluid among patients with 
mild, moderate, and extensive adhesions, is not surprising. In addition, it should be noted that the 
level of TIMP-1 in serosal tissues may be more relevant to intervention using a function-blocking 
antibody because there is more unbound TIMP-1 (i.e., not complexed with MMP-1) in the tissues, 
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and unbound TIMP-1 is more susceptible to recognition and interference by the anti-TIMP-1 
antibody administered in accordance with the method of the invention. 

7. Submitted herewith for the Reviewer's consideration, as Exhibits M and N, respectively, are 
two publications, Chegini et aL, Fertility and Sterility, 76(6): 1212-1219 (December 2001); and 
Chegini et al. , Fertility and Sterility, 76(6): 1 207- 1211 (December 2001 ), which contain experimental 
data contained within the patent application and additional data. As shown in Figure 4B of Exhibit 
M, in an evaluation often patients with adhesions, the TIMP-1 protein content in adhesions was 
significantly higher than that in intact parietal peritoneum (P=.05) and skin (P=. 03). Figure 5C of 
Exhibit M shows that adhesions have a lower ratio of MMP-1 to TIMP-1 compared with intact 
parietal peritoneum, supporting the premise that adhesions form due to an environment that favors 
matrix deposition rather than degradation. Figure 2 of Exhibit N also provides evidence that the 
peritoneal fluid levels of TIMP-1 in subjects with extensive adhesions are higher compared with 
those in subjects with adhesions. 

The undersigned declares further that all statements made herein of his own knowledge are 
true and that all statements made on information and belief are believed to be true; and further that 
these statements were made with the knowledge that willful false statements and the like so made are 
punishable by fine or imprisonment, or both, under Section 1001 of Title 18 of the United States 
Code and that such willful false statements may jeopardize the validity of the application or of any 
patent issuing thereon. 

c 

Further declarant sayeth naught. 



Date: 



Signed: 




JUL 2 7 2004 S 



3» 



Exhibit A 



r 

V 



NASSER CHEGINI, Ph.D. 
CURRICULUM VITAE 



Personal Information 



Date of Birth 
Marital Status 
Children: 

Social Security Number 
Institution Address 



Business Phone 
Fax 

E. Mail 

Home Address 



Home Phone 
E-Mail 

Educational Background 

1973 

1980 

Professional Positions 

1973-75 

1980-81 



September 11, 1949 
Married: Cherry R. Chegini 
Claudine J. Chegini 
404-17-8915 

Department of Obstetrics and Gynecology 

Division of Reproductive Endocrinology and Infertility 

Institute for Wound Research 

University of Florida College of Medicine 

Box 100294, JHMHC, Gainesville, Florida 32610 

(352) 392-3929 
(352) 392-6994 
cheginin@obgyn.ufl.edu 

6813 NW 90th Street 
Gainesville, Florida 32606 

(352) 374-9694 
nchegini@bellsouth.net 



B.Sc. (Hons), Major: Cell Biology .The National University 
of Iran, Tehran, Iran. 

Ph.D. Major: Cell & Molecular Biology, University of 
Southampton, Southampton, England. 



Second Lieutenant, Served National Service as a Teacher in 
Secondary Schools in Iran 

Postdoctoral Fellow, Department of Biology, University of 
Southampton, Southampton, England 
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Professional Positions Continued 

1981-87 



Postdoctoral Research Associate, 

Reproductive Endocrinology Laboratories, Department of 
Obstetrics & Gyneco logy University of Louisville School of 
Medicine, Louisville, Kentucky 



1987-88 



1988-89 



1989-1993 
1989-1994 



1993-1998 



1994-1998 



1998-present 



1998-present 



Instructor 

Reproductive Endocrinology Laboratories Department of 
Obstetrics & Gynecology, University of Louisville School of 
Medicine, Louisville, Kentucky 

Assistant Professor 

Reproductive Endocrinology Laboratories, Department of 
Obstetrics & Gynecology, University of Louisville School of 
Medicine, Louisville, Kentucky 

Assistant Professor 

Department of Obstetrics & Gynecology, Division of 
Reproductive Endocrinology and Infertility, University of 
Florida, College of Medicine, Gainesville, Florida 

Associate Professor 

Department of Obstetrics & Gynecology, Division of 
Reproductive Endocrinology and Infertility, University of 
Florida, College of Medicine, Gainesville, Florida 

Associate Professor (Adjunct) 

Department of Anatomy and Cell Biology, University of 
Florida, College of Medicine, Gainesville, Florida 

Professor 

Department of Obstetrics & Gynecology, Division of 
Reproductive Endocrinology and Infertility, University of 
Florida, College of Medicine, Gainesville, Florida 

Professor (Adjunct) 

Department of Anatomy and Cell Biology, University of 
Florida, College of Medicine, Gainesville, Florida 
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Current research activity 

Our laboratories research activities focuses on two areas 

1 : The role inflammatory and immune related cytokines in human reproductive tract tissues in 
normal and disease status (leiomyoma, endometriosis and endometrial caner). 

2: The role of inflammatory and immune related cytokines in peritoneal tissue repair and adhesion 
formation and prevention. 

Research is underway to elucidate the menstrual cycle dependent expression of specific 
cytokines and their receptors in normal uterine tissues, and in progestin-dominant contraceptive users 
experiencing irregular bleeding, or women with leiomyomas and endometriosis undergo hormone 
therapy (i.e. GnRHa) as part of their medical management. Using in vitro cell culture models we are 
investigating the regulation of these genes by ovarian steroids, GnRHa, SERM and SPRM, and 
identify signal transduction pathways activated by their receptors and crosstalk with cytokine 
receptors signaling, and downstream gene expression whose products influence the outcome of these 
abnormalities. Using antisense oligonucleotides, viral vectors and SiRNA technology we are further 
investigating the role of these gene products in abnormal uterine bleeding, leiomyomas and 
endometriosis, and as alternative tools for their medical management. 

In regard to peritoneal adhesion formation, surgically-induced adhesion models in rodents are 
used to identify the molecular marker for this pathological condition. Although a majority of 
adhesions are formed following abdominal surgery, they can be developed due to intra-abdominal 
infection, pelvic inflammatory diseases and endometriosis. Particular attention is being paid to 
growth factors such as TGF-P since it is as key cytokine directly implicated in scar tissue formation 
in various tissues throughout the body. Investigations are also underway to elucidate the identity of 
several novel genes discovered in our laboratory using differential display and microarray 
technologies, involving leiomyomas and adhesions. These genes or their products may serve as a 
marker for early detection of these tumors and identify individuals how are prone to form scars. 

Grants (Active) 

Chegini, N. (PI) 2001-2005 Molecular mechanism of leiomyoma growth and regression. 

NIH R01HD37432. Direct cost $630,000 

Chegini, N. (PI, University of Irregular Uterine Bleeding in Progestin-only contraceptors. 
Florida) Archer, D. (PI, Eastern NIH, R01HD43175. Direct cost $1,250,000. 
Virginia Medical School) 2002-2007 

Shiverick KT (PI) et al; Placental, Uterine and Prostatate effects of Organochlorines. 

Chegini, N. Co-PI 2000-2005 NIH, ROl ESO 7375. Direct cost $875,000. 

Schultz GS (PI) et al. Regulation of stromal wound healing by growth factors. 

Chegini N. (co-invest). 2002-2007 NIH ROINEI Direct Cost $1.1 25,000.00 

Grants (Pending) 

Chegini N (PI) Uterine Molecular environment and irregular bleeding 

2004-2009 NIH R01HD45432 
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Grants (Funded) 
Chegini, N. (PI) 1997-2001 



Chegini, N. (PI) 1997-2000 



Schultz GS (PI) et al. 



Cytokines/MMPs mediated peritoneal adhesion formation. 
The role of latex proteins. Regent Medical, Ltd. Direct Cost 
$260,000.00 

Identification of molecular marker for peritoneal adhesion 
formation. Genzyme Inc. Tissue Repair Division. Direct cost 
$275,000.00. 

Regulation of stromal wound healing by growth factors. NIH. 



Chegini N. (co-invest). 1997-2001 ROl NEI. Direct Cost $742,759.00 
Chegini N. 1995-1996 



Chegini N. (PI) 1993-1994 



Matrix metalloproteinases in peritoneal adhesion formation. 
Regent Medical, Ltd. Direct Cost $45,000.00 

The effect of surgical glove powders on peritoneal adhesion 
formation and cytokine production. Regent Medical, Ltd. 
Direct Cost $61,220.00 



Yu LT (PI) and Chegini N (Co-PI) Study of in vitro Bioglass™ - growth factor binding. US 



1993-1994 

Shiverick, KT. et al, 1991-95 
Chegini, N. (Co-Invest) 

Chegini N. (PI) 1991-1993 
Chegini, N. (PI) 1990-91 

Chegini N. (PI) 1989-90 
Chegini N. (PI) 1988-1989 



Biomaterials. Direct Cost $9,550. 

Effect of Polyaromatic Compounds on Placental 
Proteins. NIH ESO 4435, Direct Cost $573,359.00 

Peritoneal wound healing: Implication in inflammatory 
reaction. Regent Medical, Ltd. Direct Cost $122,410.00 

Eicosanoids, Growth Factors and Wound Healing. 
Division of Sponsored Research, University of Florida 
$14,900.00 

Eicosanoids and Growth Factors Action in Uterus. Division of 
Sponsored Research, University of Florida $ 1 0,000.00 

Immunocytochemical localization of eicosanoids synthesizing 
enzymes in bovine corpora lutea. Medical School Research 
Committee University of Louisville $5,500.00 



Rao, C.V (PI), 1985-88 
Chegini N. (Co-Invest) 
Societies Membership 
The Institute of Biology (Fellow) 
The Society for Gynecologic Investigation 
Society for Study or Reproduction 



Human Choriogonadotropin (hCG) Action in Bovine Luteal 
Tissue. HD-14697, Direct Cost $175,210 



4 



Wound Healing Society 

Editorial Board Membership 

1. Frontiers in Bioscience (1997-present) 

2. Endocrine (1996-2000) 

3. Biology of Reproduction (2003-2004) 

Ad hoc Reviewer for Scientific Journals 

1. Am J Obstet Gynecol 

2. Am J Physiol 

3. Adolescent & Pediatric Gynecology 

4. Biology of Reproduction 

5. British J Cancer 

6. British J of OB/GYN 

7. Comparative Biochemistry and Physiology 

8. Endocrine 

9. Endocrinology 

10. Eur. J. Endocrinology 

1 1. Fertility & Sterility 

1 2. Human Reproduction 

13. Cancer Research 

14. Gynecology Oncology 

15. J. Clinical Endocrinology and Metabolism 

16. J Histochemistry Cytochemistry 

17. J Soc Gynocol Invest. 

18. Kideny International 

19. Molecular & Cell Biochemistry 

20. Molecular Cellular Endocrinology 

21 . Molecular Human Reproduction 

22. Obstetrics & Gynecology 

23. Regulatory Peptides 

24. Tissue and Cell 

25. Wound Repair and Regeneration 

26. Scientific Program Committee, Society for Gynecological Investigation ( 1 997, 1 998, 1 999, 200 1 ) 

27. Chairman; Growth factors and peritoneum; International Congress Peritoneal Tissue Repair. The 
4th Peritoneum and Peritoneal Access Meeting. Gothenburg, Sweden, Sept, 16-19, 1997. 

28. Moderator; 45th and 48th Annual Meetings of the Society for Gynecological Investigation (1998, 
2002). 

Ad hoc Reviewer for National and International Granting Organizations 

1. March of Dimes 

2. Birthright/Royal College of OB/GYN, England 

3. United States Department of Agriculture, USD A 

4. Medical Research Council of Canada 

5. National Sciences and Engineering Research Council of Canada 
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6. Dutch Cancer Society 

7. Belgian Research Council 

8. National Institute of Health. REN study section 

9. The Welcome Trust, England 

10. University Research and Strategic Investments Branch, Alberta Innovation and Science. 

1 1 . Michael Smith Foundation for Health Research 

12. Philip Morris External Research Program 

Administrative Appointment and Committee Member 

1. University of Florida Senate representing College of Medicine, 1998-1999, 2001-2003 

2. Reviewing committee for University undergraduate Scholarly Research program. 

3. Collage of Medicine reviewing committee, Medical Guild, 1999. 

4. Chair and Member of Collage of Medicine reviewing committee, Medical Student Research, 
2000, 2001,2002, 2003. 

5. Reviewing committee, College of Medicine Research Fund. 2000-2003 . 

6. Applebaum Visiting Professorship selection committee member, 2000,2001 ,2002,2003. 

Consultant and Advisory Board Membership 

1. Focal Inc. Lexington MA, 1994. 

2. BioHybrid, Shrewsbury, MA. 2000. 

3. Amgen, Inc. Thousand Oak CA, 2000. 

4. Genentech, San Fransisco CA, 2000. 

5 . Regent Medical Allergy Research Group advisory Board Member. Norcross, GA. 1 996-present. 

6. Federal Drug Administration (FDA), Obstetrics and Gynecology Devices Panel of the Medical 
Advisory Committee. 1997-2005. 

Honors, Awards and Presentations 
Honors 

1 . Cited in the American Men and Women of Science 

2. Cited in Who is Who in Science and Engineering, 1993 

3. Cited in Who is Who in the World, 1996 

4. Cited in Who is Who in America, 1998 

5. Certified as Chartered Biologist by the Institute of Biology, 1 98 1 

6 Nominee, Dept. of OB/GYN, Univ of FL for Clinical Science Faculty Research Award, 1991 

7 Nominee, Dept. of OB/GYN, Univ of FL for Clinical Science Faculty Research Award, 1992. 

7. Nominee, Dept. of OB/GYN, Univ of FL for Clinical Science Faculty Research Award, 1 995 

8. Nominee, Dept. of OB/GYN, Univ of FL for Clinical Science Faculty Research Award, 2003 

Awards 

1. Traveling awards, University of Louisville, School of Medicine Research Committee 
continuously from 1982-1988. 

2. Endocrine Society Traveling Award, 1 984. 

3. International Endocrine Society Traveling Award - 1984, Canada. 

4. International Endocrine Society Traveling Award - 1988, Japan. 

5. Best scientific presentation award, American College of Gynecology, 1988. 
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6. Best 3rd year resident research project, presented by Gregory A. Miller, M.D., May 1992 

7. Residents research advisory award, Department of OB/GYN, University of Florida, 1992 

8. Society for Gynecological Investigation Medical Student Stipend for Research in Reproduction, 
1998. 

9. American Society for Reproductive Medicine, 1998 Prize paper, 'Society of Reproductive 
Surgeons. Comparative analysis of matrix metalloproteinase (MMP-1), tissue inhibitor of MMPs 
(TIMP-1) and MMP-1 /TIMP-1 complex expression in intraperitoneal environment and their 
relation to adhesion development. 

10. American Society for Reproductive Medicine, 56 th Annual Meeting, San Diego CA, October 21- 
26, 2000, 3 rd place Prize poster. Alteration of transforming growth factor beta expression and 
autocrine/paracrine actions in leiomyoma smooth muscle cells by gonadotropin releasing 
hormone analogue (GnRHa), anti-estrogen and anti-progestins. Abst. # p487. 

1 1 . Florida Universities Cancer Society Meeting, Feb, 200 1 , 1 st place Prize poster for basic Science 
presentation. Ripley D and Chegini N. The expression and action of GM-CSF in endometrial 
cancer. 

12. Society for Gynecological Investigation, 51st Annual Meeting, Huoston TX, March, 2004. 
Traveling award for the presentation of the Abst. Ding L, Luo X and Chegini N. (2004) The 
expression of IL-13 and IL-15 in leiomyoma and myometrium and their influence on TGF-b and 
proteases expression in leiomyoma and myometrial smooth muscle cells and SKLM, 
leiomyosarcoma cell line. 

13. University of Florida Research Foundation Professorship Award, 2004 

Presentations (Invited Speaker). 

1. University of Louisville Women's Club, 1982. 

2. University of Louisville, Department of OB/GYN Grand Rounds, 1983. 

3. Jefferson County High School Administration/Teachers Conference, Louisville, KY, 1983. 

4. International Baccalaureate Biology Class of Mr. Ed Farrar (Kentucky Science Teacher of the 
Year), Atherton High School, Louisville, KY, 1988. 

5. Grand Rounds; Department of OB/GYN, University of Florida, Gainesville, FL, 1988. Cellular 
distribution of eicosanoids enzymes and eicosanoids receptors in the ovary. 

6. Scientific Merit of the work, at the 7th Ovarian Workshop, Tacoma, Washington 1988. 

7. University of Florida Department of OB/GYN, Grand Rounds, February 1989, Lipoxygenase 
expression in human reproductive tract tissues. 

8. University of Florida Interdisciplinary Reproductive Biology Seminar, Oct. 1989, Growth factors 
expression in human reproductive tract tissues. 

9. University of Florida Department of OB/GYN Grand Rounds, January 1 990, The expression and 
action of growth factors in human uterus. 

10 University of Florida, Jacksonville, FL. Dept. of OB/GYN Grand Rounds 1990, Cellular 
localization of eicosanoids enzymes and eicosanoids receptors in human reproductive tissues. 

10. University of Florida "Update In OB/GYN" postgraduate course Orlando FL. March 1991, The 
role of growth factors in human reproduction. 

11. National Institute of Health (NICHD), workshop "Pathogenesis of endometriosis", Sept. 1991. 

12. University of Florida Interdisciplinary Reproductive Biology Seminar, Feb. 1994, Growth factor 
expression in human fallopian tubes. 

13. University of Calgary, Dept of Biological Sciences, Canada, March 1994, Growth factor and 
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Cytokine expression in Human Reproductive Tract Tissues. 

1 4. University of Alberta, Dept of Plastic Surgery, Edmonton, Canada, March 1 994. Growth factors 
and Cytokines in Reproductive Tract Tissues and associated Disorders. 

15. University of Florida, Dept of Anatomy and Cell Biology, April, 1994. 

16. Wound Healing Society Fifth Annual Meeting, Minneapolis, MN, April, 1995. Peritoneal 
Adhesion as a model of fibrosis. 

17. The University of Kansas School of Medicine-Wichita, Dept. of OB/GYN, Center for 
Reproductive Medicine, at Wesley Medical Center, June, 1995, Role of TGF-p and GM-CSF in 
Human Uterus. 

18. Symposium on Adhesions: Pathogenesis and Prevention. Gothenburg, Sweden, January, 1996. 
The role of growth factors in peritoneal healing. 

19. The 3rd International Congress on Pelvic Surgery and Adhesion Prevention, San Diego, 
California, February 1996. Postsurgical peritoneal repair. 

20. Genzyme corporation, Boston: Molecular mechanism of peritoneal repair. 1996. 

21. Symposium on Post-surgical Adhesions: Linking business and science to further the 
development of adhesion prevention devices. June 1997. Cellular and molecular events during 
postsurgical repair. Sponsored by National Managed Care Congress. 

22. Karalinska Institute, Department of OB/GYN, Karalinska Hospital, Sweden, 1997. The role of 
growth factors in leiomyomas. 

23. International Congress Peritoneal Tissue Repair.The 4th Peritoneum and Peritoneal Access 
Meeting. Gothenberg, Sweden, Sept 16-19, 1997. Growth factors and peritoneal adhesion 
formation. 

24. Fibrogen Inc: San Francisco CA. Cellular and molecular mechanism of post-surgical adhesion 
formation. October 1998. 

25. Gliatech Inc: Cleveland, OH. Molecular mechanism of post-surgical adhesions. April 1999. 

26. University of Florida Interdisciplinary Reproductive Biology Seminar. Uterine lieomyoma GnRH 
and GnRH receptor and mechanism of actions. Sept, 1999. 

27. 4th International Conference on Postoperative Healing and Adhesions, Fort Lauderdale Fl, Oct. 
1999. The role of growth factors in peritoneal repair and adhesion formation. 

28. 4th International Conference on Postoperative Healing and Adhesions, Fort Lauderdale Fl, Oct. 
1999. The role of matrix metalloproteinases and inhibitors in peritoneal repair and adhesion 
formation. 

29. BioHybrid, Inc., Shrewsbury, MA. Peritoneal tissue fibrosis, Sept, 2000. 

31. University of Florida, Dept of Medicine Tissue fibrosis: implication of cytokines and proteases 
December, 2000. 

32. Genentech, Endocrine Divesion "Tissue fibrosis: implication of TGF-p and proteases December, 
2000. 

33. ISIS Pharmaceutical "Tissue fibrosis", February, 2001. 

34. Wayne State University, Michigan, Dept of OB/GYN: Implication of TGF-b and proteases in 
adhesion formation, March, 2001 

35. Wayne State University, Michigan, Dept of OB/GYN: Ground Round: Implication of growth 
factors in leiomyoma growth and GnRHa-induced regression, March 2001 . 

36. Intedisplinary Reproductive Biology, University of Florida, The Thl/Th2 cytokines Dichotomy, 
December 2001. 

37. 1 1th World Congress on Human Reproduction, Montreal Canada, June 2002. Growth factors in 
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peritoneal tissue fibrosis. 

38. American Society for Reproductive Medicine Annual Meeting October, 2002. Adhesion 
Prevention: The Standard of Care. 

39. Regent Medical Sponsored Conference on latex proteins-associated complications. November 
2002, Harvard Medical School. Latex Proteins and pro-inflammatory cytokines: Implication in 
Peritoneal Adhesion. 

40. University of Florida, Dept OB/GYN. April 2003. Proteases in health and disease. 

41. National Institute of Health (NICHD). June 3003. TGF-b/Ovarian Steroids/GnRH Receptor 
Signaling: Implication in Gynecological Disorders 

Medical Student, Resident and Fellow Training University of Louisville 

Reproductive Endocrinology and Gynecologic Surgery Fellows: 
Eugene Stoelk, M.D. 
Dwight Bailey-Pridham, M.D. 
Donald L. Hay, M.D. 
Steven A. Metz, M.D. 

Medical Student, Resident and Fellow Training University of Florida: 
Undergraduate and Graduate Students 

Jenny McElhose. Department of Zoology, Summer A/B Course 1991 

Heather D. Simpson (Stony Brooks, New York), U.S. Dept. of Education Funded Summer Research 
Apprenticeship Program 1995 

Kerisea McPherson (University of South Florida) Summer Research Apprenticeship Program 1 995. 

Rebecca Blum, Department of Zoology, January-May 1997. 

Alpa Patel, Department of Microbiology, January-May 1998. 

Maribeth Buie, IDP graduate student, October-December 1998. 

Marisa Roberts, M.Sc Student 1999-2001. 

RongXai Li, M.S. Student 2003-present 

Graduate Teaching 

Department of Anatomy and Cell Biology, University of Florida, Advance Cell Biology, April 1 994; 
Course Director, Dr. Chris West. 

Department of Physiology, University of Florida, Advance Endocrinology, November 1996. Course 
Director; Dr. Charles Wood. 

Interdisplinary Graduate Program (IDP), Collage of Medicine, discussion group, 1997, 1998, 2001, 
2002, 2003. 

Supervisory Committee Member for Ph.D. Student. 

Eric Schmitt, Dairy Science (W. W. Thatcher) 1994-96. 

Tomislav Mordic, Dairy Science (Frank A. Simmen) 1994-97. 

Thais Diaz, Dairy Science (W. W. Thatcher) 1994-98. 

Alice de Moraes, Dairy Science (P. Hansen) 1994-98. 

Nigh Shi, Department of Medicinal Chemistry (Dona Wieler), 1996-99. 

Glenn P. Ladwig, Department of Microbiology and Immunology (Greg Schultz), 1999-2000. 

Margaret Hillier, Department of pathophysiology, College of Vet. Sciences (Mary Brown), 1999- 
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Michelle McGarry, Department of Pharmacology and Therapeutic (Kathleen Shiverick), 1999-2001 . 

Bilby Todd, Dairy Science (W. W. Thatcher) 2002-present 

John Azeke, Biomedical Engineering (E. Goldberg) 2002-present 

Jason Blum, IDP, Department of Biochemistry (N. Denslow) 2003-present 

Maria B. Padua, Animal Science (P. Hansen) 2003-present 

Medical Graduate Students 

Narin Arunakul (Senior medical student) research training Feb-March 1990. The effect of epidermal 
growth factor on human endometrial cells in vitro. 

Judy S. Simms (Senior medical student) research training June- July 1990. Localization of growth 
factors and receptors in endometriosis implants. Data was presented at the American Collage of 
OB/GYN Annual Meeting, 1991. 

Sharrol Barnes, (Senior medical student) research training May- June 1991. The effect of local 
infection on wound healing and growth factor expression. Data generated from her work was 
presented in the joint meeting of the European and the American Wound healing Society 1993. 

Caroline Cox (Senior medical student) research training November 1991. Immunolocalization of 
GM-CSF in human cervical tissues in patients with cervical interepithelial neoplasia. 

Erin Connor (Senior medical student) research training, May- June 1992 (Graduated with honors in 
research 1993). The effect of Benzo(a)pyrin on human placental cell growth and EGF receptor 
content. The data was presented at Endocrine Society Meeting, in 1993 and published in J. Pharm 
Toxicology 1995. 

Reem Abu-Rustum (Third year medical student) research training, Oct-Dec 1992 (Graduated with 
honors in research 1993). The effect of transforming growth factor on human endometrial stromal 
cell protein degradation. Published as part of a manuscript in Endocrinology, 1994. 

Sam Myrick (Third year medical student) research training March-May 1993, January-Feb, 1994. 
Immunolocalization of insulin-like growth factor (IGF), IGF-I receptor and IGF binding protein in 
human ovarian tissue. 

Kristina Kostseos (first year Med student) research training June -August 1999, November- 
December 2001. Expression of TGF-p and adhesion formation. 

Megan Mrstik, (first year Med student) research training June -August 1999. Expression of cytokines 
in wound healing. 

Resident and Postdoctoral Fellows Training at University of Florida 
OB/Gvn Residents 
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Robert S. Egerman, M.D. Feb-March 1990. Growth factors and lichen sclerosis. (Data was 
presented at Resident Research day). 

Brian E. Bass, M.D. Feb-March 1991. Estrogenic like effect of EGF on endometrial growth in the 
rat. (Data was presented at Resident Research day). 

Gregory A. Miller, M.D. June- July 1991. Localization of retinoic acid binding protein in human 
uterine tissue throughout the menstrual cycle. (Data presented at The Annual Meeting of American 
Fertility Society and Resident Research Day). 

Gregory A. Miller, M.D. March 1992. The interaction between retinoic acid and epidermal growth 
factor in human endometrium. (Data presented at Resident Research day and was selected as First 
place presentation for the Departmental Resident Research Award). 

Barbara M. Faber, M.D. June- July 1991, March 1992, March-April, 1993. Immunolocalization of 
eicosanoids enzymes in human myometrium in normal and failed labor subjects. (Presented at 
Resident Research day 1991, 1992 and at the Annual Meeting of the Society for Gynecological 
Investigation in Chicago). Data published in a manuscript in J. Obstet Gynecol 1994. 

Shelley J. Chapman, M.D. Feb-March 1992. Colocalization of growth factors in fetoplacental units 
in normal and chorioamnionitis patients. 

Judy S. Simms, M.D. July- August 1992. Immunolocalization of epidermal growth factor, 
transforming growth factor alpha and their receptors in peritoneal adhesion (Data was presented at 
Resident Research day, and was published in two manuscripts in Obstet Gynecol and Am J Obstet 
Gynecol 1994). 

Caroline Cox M.D. Oct-Nov 1993. Immunolocalization of GM-CSF in human Cervix. 

Amy Boardman. M.D. June- July 1993. Immunolocalization of growth factors in porcine oviduct. In 
collaboration with Dr. Buhi. 

Anil Sood, M.D. June-July 1994. Immunolocalization of growth factors in human feto-placental 
tissues in patients with chorioamnionitis. 



Brenda Shoup, M.D. March- April 2001. Cytokine and ovarian cancer 
Eric Levens, M.D., May 2004, Gene expression profile in leiomyoma 



Postdoctoral Fellows 

Michael J. Rossi, Ph.D. 1989-1992 

Xin-Min Tang, M.D. 1991-1996 

Yong Zhao, M.D. 1992-1995 

Thea L. Pfeifer, M.D. 1991-1993 



Current Position 

(Associate Professor, University of New Heaven) 
(Research Scientist, University of South Florida, 
Resident Medicine USF) 

(Pediatric Endocrine Fellow, Private practice) 
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Hue Rong, M.D. 


l 993-1995 


Qingchuan Dou, Ph.D. 


1994-1997 


Yong Zhao, M.D. 


1997-1998 


Chunfeng Ma, M.D., Ph.D. 


1997-2000 


Yengshi Gao, M.D. 


1998-1999 


Baong Sui, Ph.D. 


2000-2001 


Jing-Xia Xu M.D. 


2001-2002 


Xiaoping Luo M.D. 


2001 -present 


Li. Ding M.D 


2002-present 



(Women Health Center, Nashville TN) 

(Resident in Pathology, Vanderbilt University, 
Fellow, University of Iowa and Virginia) 
(Research Fellow, Dept of Medicine, John Hopkins 
University) 

(Research Scientist, University of Maryland) 
(Jackson laboratory Bar Harbor) 



National and International Collaboration. 

Ahmad R Safa, Ph.D. Department of Medicine, The University of Chicago; Aziz Ghahary, Ph.D. 
Department of Surgery, University of Alberta, Edmonton Canada, Leslie Gold, Ph.D., Department of 
Pathology, University of New York, Hamid Habibi, Ph.D., Department of Zoology, University of 
Calgary, Canada, Lena Holmdahl, M.D., Ph.D., Department of Surgery, Gothenburg University, 
Gothenburg, Sweden. Michael Diamond, Wayne State University, Detroit, Michigan, Barbara Faber, 
M.D. and David Archer, M.D. The Jones Institute For Reproductive Medicine, Norfolk VA. 



Citation analysis 

Science Citation Index list 3,766 cumulative citations to Dr. Chegini's refereed publications in 
August 2003: 19 publications with >50 citations, 4 publications with >100 citations, 2 publications 
with >1 50 citations. 

PEER REVIEWED RESEARCH PUBLICATIONS 



1. Chegini N, Aleporou V, Bell G, Hilder VA and Maclean N (1979) Production and fate of 
erythroid cell in anaemic Xenopus Laevis. J. Cell Sci. 35:403-415. 

2. Chegini N and Maclean N (1 980) Chromatin organization within nuclear blebs in Leukocytes 
of Xenopus Laevis. Experintia. 38:876. 

3. Chegini N, Gregory SP, Hilder VA, Pocklington MJ and Maclean N (1981) Structural 
transition of chromatin in isolated Xenopus erythrocyte nuclei. I: The effect of ions. J. 
Submicroscopic CytoL 13:291-308. 

4. Chegini N, Hilder VA, Gregory SP and Maclean N (1 98 1 ) Structural transition of chromatin 
in isolated Xenopus erythrocyte nuclei. II: Computer-Based image analysis. J. Submicroscopic 
CytoL 13:309-320. 

5. Safa AR, Chegini N and Tseng MT (1 983) Influence of mitoxantrone on nucleic acid synthesis 
on the T-47D breast tumor cell line. J. Cell. Biochem. 22:1 11-120. 

6. Chegini N, Safa AR and Tseng MT (1984) Acute effects of mitoxantrone on the template 
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activity of isolated nuclei from the T-47D human breast tumor cell line. Cancer Letters 21:329- 
336. 

7. Chegini N, Rao CV and Carman FR Jr. (1984) Internalization of 125 I-human 
choriogonadotropin in bovine luteal slices: A biochemical study. Exp. Cell. Res. 1 5 1 :466-482. 

8. Chegini N, Rao CV and Cobbs G (1984) A quantitative electron microscope autoradiographic 
study on 125 I-human choriogonadotropin internalization in bovine luteal slices. Exp. Cell. Res. 
151:483-493. 

9. Chegini N, Ramani N and Rao CV (1 984) Morphological and biochemical characterization of 
small and large bovine luteal cells during pregnancy. Mol Cell Endocrinol 34:89-1 12. 

1 0. Rao CV, Carman FR Jr., Chegini N and Schultz GS (1984) Binding sites for epidermal growth 
factor in human fetal membranes. J. Clin. Endocrinol. Metabol. 58:1034-1042. 

1 1 . Chegini N, Rao CV and Cobbs G ( 1 984) A quantitative electron microscope autoradiographic 
study on 3 H-prostaglandins E\ and F 2a internalization in bovine luteal slices. Mol. Cell. 
Endocrinol. 38:117-129. 

12. Rao CV, Ramani N, Chegini N, Stadig BK, Carman FR Jr., Woost PG, Schultz GS and Cook 
CL (1985) Topography of human placental receptors for epidermal growth factors. 

J. Biol. Chem. 260:1705-1710. 

13. Chegini N and Rao CV (1985) Epidermal growth factor binding to human amnion, chorion, 
decidua and placenta from mid and term pregnancy: Quantitative light microscope 
autoradiographic studies. J. Clin. Endocrinol. Metabol. 61:529-535. 

14. Chegini N, Rao CV, Wakim N and Sanfilippo J (1986) Prostaglandin receptors in different 
cell types of human uterus during proliferative and secretory phases. Prostaglandin, 
Leukotrienes and Med. 22:129-138. 

15. Ramani N, Chegini N, Rao CV, Woost PG and Schultz GS (1986) The presence of epidermal 
growth factor binding sites in the intracellular organelles of term human placenta. J. Cell. Sci. 
84:19-40. 

1 6. Chegini N, and Rao CV (1 986) A quantitative electron microscope autoradiographic study of 
125 I- epidermal growth factor internalization in term human placenta. J. Cell Sci. 84:41-52. 

17. Chegini N and Rao CV (1986) Histochemical demonstration of 3p-hydroxy steroid 
dehydrogenase in cells of amnion, chorion, decidua and placenta from mid and term 
pregnancy. International Res. Commun. Ser. Med. Sci. (I.R.C.S.) Biochem. 14:986-987. 

18. Chegini N, Rao CV, Wakim N and Sanfilippo J (1986) Binding of 125 I-epidermal growth 
factor to human uterus. Cell & Tissue Res. 246:231-236. 

13 



19. Shahabi NA, Chegini N and Wittliff JL (1987) Alterations of MCF-7 human breast cancer cell 
after prostaglandins PGAi and PGF 2a treatment. Exp. Cell. Biol. 55:18-27. 

20. Chegini N, Hay DL, von Fraunhofer J A, Stone K and Masterson BJ (1 987) The use of nylon 
pouch to prevent cellular attachment to implant materials. Biomaterials 8:315-319. 

21 . Chegini N and Rao CV (1987) Dynamics of nuclear associated granules in Bovine luteal cells 
after treatment in vitro with prostaglandin F 2a . Endocrinology 121:1870-1878. 

22. Chegini N and Safa AR (1987) Morphological alterations induced by prostaglandins PGEi, 
PGF 2a and PGAi in MDA-MB-23 1 and MCF-7 human breast tumor cell lines. Cancer Letters 
37:189-197. 

23. Chegini N and Safa AR (1987) Influence of mitoxantrone on nucleolar function in MDA-MB- 
23 1 human breast tumor cell line. Cancer Letters 37:327-336. 

24. Chegini N, Hay DL, von Fraunhofer JA and Masterson BJ (1988) The effects of bacterial 
infection on absorbable ligating clips. J. Reprod. Med. 33:25-29. 

25. Chegini N, Hay DL, von Fraunhofer JA and Masterson BJ (1988) A comparative scanning 
electron microscopic study on degradation of absorbable ligating clips in vivo and in vitro. J. 
Biomed. Materials Res. 22:71-79. 

26. Chegini N, von Fraunhofer JA, Hay DL and Masterson BJ (1988) The tissue reaction to 
absorbable ligating clips. J. Reprod. Med. 33:187-192. 

27. Hay DL, von Fraunhofer JA, Chegini N and Masterson BJ (1988) Locking mechanisms 
strength of absorbable ligating devise. J. Biomed. Materials Res. 22:179-190. 

28. Chegini N and Rao CV (1 988) The presence of Leukotriene C 4 and prostacyclin binding sites 
in non-pregnant human uterine tissue. J. Clin. Endocrin. Metabol. 66:76-87. 

29. Chegini N and Rao CV (1 988) Increased nuclear bodies in bovine luteal cells following hCG 
treatment. Biol. Reprod. 38:453-461. 

30. Chegini N and Rao CV (1 988) Quantitative light microscopic autoradiographic study on 3 H- 
Leukotriene C4 binding to non-pregnant bovine uterus. Endocrinology 122:1732-1736. 

31. Chegini N and Rao CV (1988) The presence of Leukotriene C 4 binding sites in bovine 
corpora lutea of pregnancy. Biol. Reprod. 39:929-935. 

32. Metz SA, Chegini N and Masterson BJ (1989)In vivo tissue reactivity and degradation of 
sutures materials: A comparison of Maxon and PDS. J. Gynecol. Surg. 5:37-46. 
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33. Chegini N and Rao CV (1989) The presence of prostacyclin binding sites in nonpregnant 
bovine uterine tissue. Prostaglandin Leukotrienes & Essential Fatty Acids 38:75-79. 

34. Oechsli M, Rao C V and Chegini N ( 1 989) Human chorionic gonadotropin increases chromatin 
solubility in isolated bovine and human luteal nuclei. Biol. Repod. 41 :753-760. 

35. Metz SA, Chegini N and Masterson BJ (1990) In vivo and in vitro degradation of 
monofilament absorbable sutures. Biomaterials 11:41-45. 

36. Reshef E, Lei ZM, Rao CV, Bailey-Pridham DD, Chegini N and Luborsky JL (1990) 

The presence of human chorionic gonadotropin/luteinizing hormone receptors in nonpregnant 
human uteri. J. Clin. Endocrinol. Metabol. 70:421-430. 

37. Chegini N, Metz SA and Masterson BJ (1990) Tissue reactivity and degradation patterns of 
absorbable vascular ligating clips implanted in peritoneum and rectus fascia. J. Biomed. 
Materials Res. 24:929-937. 

38. Bailey-Pridham D, Lei ZM, Chegini N, Rao CV, Yussman MA and Cook CL (1990) Light 
and electron microscope immunocytochemical localization of 5 and 12-lipoxygenase and 
cyclooxygenase enzymes in human granulosa cells from preovulatory follicles. 
Prostaglandin Leukotrienes & Essential Fatty Acids 39:23 1-238. 

39. Chegini N, Rao CV and Lei ZM (1990) Cellular distribution of prostacyclin synthase and 
prostacyclin binding sites in bovine corpora lutea of pregnancy. Mol. Cell. Endocrinol. 71:133- 
140. 

40. Chegini N, Lei ZM, Rao CV and Bischof P (1991) The presence of pregnancy association 
plasma protein-A in human corpora lutea: cellular and subcellular distribution and dependency 
or reproductive states. Biol. Reprod. 44:201-206. 

41. Chegini N, Lei ZM and Rao CV (1991) Nuclear volume and chromatin pattern changes in 
bovine luteal cells following treatment with human chorionic gonadotropin, prostaglandins and 
cyclic AMP. Cell & Tissue Res. 264:453-460. 

42. Stoelk E, Chegini N, Lei ZM, Rao CV, Bryant-Greenwood G and Sanfilippo J (1991) 
Immunocytochemical localization of relaxin in human corpora lutea:cellular distribution and 
dependency on reproductive states. Biol. Reprod. 44:1 140-1 147. 

43. Lei ZM, Chegini N and Rao CV (1991) Quantitative cell composition of human and bovine 
corpora lutea from various reproductive states. Biol. Reprod. 44:1 148-1 156. 

44. Bibbins PE Jr., Rao CV, Carman FR and Chegini N (1991). Role of luteal cell nucleus in the 
expression of gonadotropin action. J. Endocrin. Invest. 14:391-400. 

45. Chegini N, Lei ZM, Rao CV and Hansel W (1991) Cellular distribution and cycle phase 
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dependency of gonadotropin and eicosanoid binding sites in bovine corpora lutea. Biol. 
Reprod. 45:506-513. 

46. Simms JS, Chegini N, Williams RS, Rossi AM, and Dunn WA Jr (1991) Identification of 
epidermal growth factor, transforming growth factor alpha, and epidermal growth factor 
receptor in surgically induced endometriosis in rat. Obstet. Gynecol. 78:850-857. 

47. Chegini N, and Williams RS (1992) Immunocytochemical localization of transforming 
growth factor (TGFs) TGF-a and TGF-p in human ovarian tissue. J. Clin. Endocrinol. Metab. 
74:973-980. 

48. Williams RS, Rossi AM, Chegini N and Schultz GS (1992) Effect of transforming growth 
factor-beta on postoperative adhesions formation and intact peritoneum. Surg. Res. 52:65-70. 

49. Rossi MJ, Chegini N and Masterson BJ (1 992) Presence of epidermal growth factor, platelet- 
derived growth factor and their receptors in human myometrial tissue and smooth muscle 
cells:their action in smooth muscle cell in vitro. Endocrinology. 130:1716-1727. 

50. Chegini N, Rossi MJ and Masterson BJ (1992) Platelet-derived growth factor, epidermal 
growth factor and EGF and PDGF p receptors in human endometrial tissue: Localization and 
in vitro action. Endocrinology 130:2763-2775. 

5 1 . Chegini N, and Flanders KC (1 992) Presence of transforming growth factor-p (TGF-P 1 , GF- 
(32) and their selective localization in human ovarian tissue of various reproductive states. 
Endocrinology 130:1707-1715. 

52. Khaw PT, MacKay SLD, Chegini N, and Schultz G (1 992) TGF-a autocrine system in human 
corneal epithelium. Invest. Ophthalmol. Vis. Sci. 33:3302-3306. 

53. Schultz GS, Strelow S, Stern GS, Chegini N, Grant MB, Galardy RE, Grabelny D, Rowsey JJ, 
Stonecipher C and Parmley V (1992) Treatment of Alkali-Injured rabbit corneas with a 
Synthetic inhibitor of matrix metalloproteinases. Invest. Ophthalmol. Vis. Sci. 33:3325-3331. 

54. Chegini N, Rossi MJ, Schultz GS, Dunn WA Jr. and Masterson BJ (1993) Cellular distribution 
of EGF, TGF-a and EGF receptor in fascia and peritoneum during healing: An 
autoradiographic and immunocytochemical study. J. Wound Rep. & Reg. 1 :27-40. 

55. Grant MB, Mames RN, Fitzgerald EN, Ellis EA, Caballero S, Chegini N and Guy J 
(1993)Insulin-like growth factor induced retinal fibrovascular proliferation: A model for 
diabetic retinopathy. Annu. New York Acad. Sci. 692:230-242. 

56. Humphreys-Beher MG, Brinkley L, Purushotham K, Wang P-L, Nakagawa Y, Dusek D, Kerr 
M, Chegini N and Chan EKL (1 993) Characterization of antinuclear autoantibodies present in 
the serum from non-obese diabetic (NOD) mice. Clin. Immunol. Immunopath. 68:350-356. 
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57. King JD, Stringer SP, Chegini N, Donnelly WH, Cassisi NJ and Schultz GS (1993) 
Transforming growth factor alpha protein and receptor localization in normal and healing 
laryngotracheal tissue. Otolaryngol. Head & Neck Surg. 109:915-925. 

58. Humphreys-Beher MG 5 Macauley S, Chegini N, Van Setten G, Purushotham K, Stewart C, 
Wheeler TT and Schultz GS (1993) Characterization of the synthesis and secretion of TGF-ct 
from salivary glands and saliva. Endocrinology 134:963-970. 

59. Wilson SE, Schultz GS, Chegini N, Weng J and He Y-G (1994) Epidermal growth factor, 
transforming growth factor alpha, transforming growth factor beta, acidic fibroblast growth 
factor, basic fibroblast growth factor, and interleukin-1 protein in the cornea. 

Exp Eye Res 59:63-71. 

60. Pfeifer TL and Chegini N (1994) Immunohistochemical localization of insulin-like growth 
factor(IGF-I), IGF-I receptor (IGF-IR) and IGF binding proteins 1 -4 in human fallopian tube at 
various reproductive stages. Biol. Reprod. 50:281-289. 

61. Chegini N, Zhao Y, and McLean FW (1994) The expression of mRNA and presence of 
immunoreactive proteins for Epidermal growth factor (EGF), transforming growth factor alpha 
(TGF-ct) and EGF/TGF-a receptors and I25 I-EGF binding sites in human fallopian tube. Biol. 
Reprod. 50:1049-1057. 

62. Tang X-M, Rossi MJ, Masterson BJ and Chegini N (1994) Insulin-like growth factor I (IGF-I), 
IGF binding proteins and IGF-I receptor in human uterine tissue: Localization and IGF-I action 
in endometrial stromal and myometrial smooth muscle cells in vitro. Biol. Reprod. 50:1 1 13- 
1125. 

63. Chegini N, Gold LI, Williams RS and Masterson BJ (1994) Localization of Transforming 
Growth Factor Beta Isoforms TGF-pl, TGF-p2 and TGF-P3 in Surgically induced Pelvic 
Adhesion in the rat. Obstet. Gynecol. 83:449-454. 

64. Chegini N, Gold LI and Williams RS (1994) Localization of Transforming Growth Factor 
Beta Isoforms TGF-pl, TGF-p2 and TGF-P3 in Surgically-induced Endometriosis in the rat. 
Obstet. Gynecol. 83:455-461. 

65. Chegini N, Zhao Y, Williams RS and Flanders KC (1994) Human uterine tissue throughout 
the menstrual cycle expresses TGF-p 1 , TGF-p2 TGF-p3 and TGF-type II receptor mRNA and 
proteins and contain 125 I-TGF-pi binding sites. Endocrinology 135:439-449. 

66. Tang X-M, Zhao Y, Rossi MJ, Abu-Rustum RS, Ksander GA and Chegini N (1994) 
Expression of TGF-p isoforms and TGF-p type II receptor mRNA and protein, and the effect 
of TGF-ps on endometrial stromal cells growth and protein degradation in vitro. 
Endocrinology 135:450-459. 

67. Chegini N, Simms JS, Williams RS and Masterson BJ (1994) Identification of epidermal 
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growth factor, transforming growth factor alpha, and epidermal growth factor receptor in 
surgically-induced pelvic adhesion disease in the rat an intraperitoneal adhesion in human. Am. 
J. Obstet. Gynecol. 175:321-328. 

68. Kerr M, Fischer JE, Purushotham KR, Gao D, Nakagawa Y, Maeda N, Ghanta V, Hiromato R, 
Chegini N and Humphreys-Beher MG (1 994) Characterization of the synthesis and Expression 
of the GTA-kinase (p58) from transformed and normal rodent cells. Biochem Biophys. Acta. 
1218:375-387. 

69. Schultz GS, Khaw PT, Oxford K, Macauley S, Van Setten G and Chegini N (1994) 
Growth factors and ocular wound healing. Eye 8 : 1 84- 1 87 . 

70. Zhao Y and Chegini N (1994) Human fallopian tube expresses granulocyte-macrophage 
colony stimulating factor (GM-CSF), GM-CSF a and p receptors and contain the 
immunoreactive GM-CSF protein. J. Clin. Endocrinol. Metab. 79:662-665. 

7 1 . Zhao Y, Chegini N and Flanders KC ( 1 994) Human Fallopian Tube Expresses Transforming 
Growth Factor (J (TGF-P) Isoforms and TGF-p type I-m receptor messenger ribonucleic acids 
and proteins and Contain 125 I-TGF-p 1 binding sites. J. Clin. Endocrinol. Metab. 79:1 1 77-1 1 84. 

72. Tang X-M, Chegini N, Rossi MJ, Fay MF, and Masterson BJ (1994) The effect of surgical 
glove powder on proliferation of human skin fibroblasts and monocyte/macrophage. J. 
Gynecol. Surg. 10:139-150. 

73. Juneja SC, Pfeifer TL, Williams RS and Chegini N (1994) Neem oil inhibits the 2-cell embryo 
development, trophectoderm attachment and proliferation in vitro. J. Assisted. Reprod. 
Genetics. 11;4 19-427. 

74. Kerr M, Lee A, Wang P-L, Purushotham K, Chegini N, Yamamoto H and Humphreys-Beher 
MG (1994) Detection of insulin, insulin-like growth factors I and II in saliva and synthesis in 
the salivary glands of mice. Effect of type I diabetes mellitus. Biochem. Pharmacol.49,1521- 
1531. 

75. Juneja SC, Pfeifer TL, Tang XM, Williams RS and Chegini N (1995) Modulation of mouse 
sperm-egg interaction, early embryonic development and trophoblastic outgrowth by activated 
and unactivated macrophages. Endocrine 3 :69-79. 

76. Tang X-M, and Chegini N (1995) Human fallopian tube expresses mRNA and protein for 
relaxin and contain specific relaxin receptor. Biol. Reprod 52:1343-1349. 

77. Zhao Y, Rong H and Chegini N (1995) The expression and selective cellular localization of 
granulocyte-macrophage colony stimulating factor (GM-CSF), GM-CSF a and p receptors 
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1. ABSTRACT 

Whether induced by infection, inflammation, 
ischemia, and/or surgical injury, peritoneal adhesions are 
the leading cause of pelvic pain, bowel obstruction and 
infertility. It is clear that while postsurgical peritoneal 
wounds heal without adhesions in some patients, others 
develop severe scarring from seemingly equal procedures; 
in addition, in the same patient, adhesions can develop at 
one surgical site and not in another. The mechanisms 
underlying the predisposition to form adhesions as well as 
their site specificity are completely unknown. However, a 
large number of intraperitoneal surgical procedures are 
performed each day in the USA, and thus many patients are 
at risk of developing postoperative adhesions. Therefore, 
understanding of adhesion formation at the molecular level 
is essential and in the absence of such information, attempts 
to prevent patients from developing adhesions will remain 
an empirical process. The unprecedented advancement in 
molecular biology during the past decade has led to the 
identification of many biologically active molecules with 
the potential of regulating inflammatory and immune 
responses, angiogenesis and tissue remodeling, events that 
are central to normal peritoneal wound healing and 
adhesion formation. Although, the insight into their 
importance in the development of tissue fibrosis has 
substantially increased, their major roles in peritoneal 



biological functions and adhesion formation remain at best 
speculative. This article reviews the clinical implications of 
adhesions and attempts to highlight some of the key 
molecules i.e. growth factors, cytokines, chemokines, 
proteases and extracellular matrix, that are recognized to 
regulate inflammation, fibrinolysis, angiogenesis, and 
tissue remodeling, events that are central to peritoneal 
wound repair and adhesion formation. Finally, the article 
discusses the potential application and site specific delivery 
of several active compounds that are developed to alter the 
local inflammatory and immune response i.e., 
cytokine/chemokine network, targeted gene delivery and 
development of a new generation of biomaterials to prevent 
adhesion formation. Such understanding of peritoneal 
biology not only assist us to better manage patients with 
adhesion, but also those with endometriosis and malignant 
diseases that affect the peritoneal cavity. 

2. CLINICAL IMPLICATIONS 

In humans, postoperative adhesion formation has 
been a problem since the advent of intra-abdominal 
manipulation. Even today, after immense improvement in 
surgical instrumentation and techniques as well as the 
development of various postsurgical devices to prevent 
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adhesion formation, intraperitoneal adhesions remain a 
major clinical concern. During the past two decades, 
clinical observations have consistently confirmed and 
estimated that between 60 to 100% of patients undergoing 
abdominal/pelvic surgery develop peritoneal adhesions. 
These observations have also revealed a direct proportional 
link between the frequency of surgery and the incidence of 
adhesion formation. Although postoperative adhesions are 
recognized as a consequence of surgery, patients with pelvic 
inflammation or endometriosis also are at risk of developing 
adhesions. For this reason, common use of laparoscopic 
intervention in various abdominal and pelvic surgical 
procedures has led to the belief that such an approach is less 
likely to cause adhesions with lower postoperative morbidity 
compared with laparatomy. Laparoscopic surgery often is 
more precise than open surgery, causing less tissue drying 
and more localized tissue trauma. However, the difference 
between the incidence of postoperative adhesion formation 
caused by laparatomy versus laparoscopic procedures is, at 
best, controversial. 

While most of the earlier studies have been 
conducted in female infertility patients, recent studies 
showed that 94% of women without infertility and men 
who had undergone colectomy developed adhesions 
immediately beneath the midline abdominal incision at 
second-look (1-8). The most recent epidemiological 
studies, which examined a ten year follow-up of over 
54,000 patients* medical records from the Scottish National 
Health Service Registrar Database, have clearly pointed out 
both the immediate and long term scope of peritoneal 
adhesion associated morbidity following gynecological and 
lower abdominal surgeries (2,3). These studies have 
concluded that 30 to 35% of all hospital readmissions were 
associated with potential adhesion associated 
complications, of which 4.5 to 5.1% were directly related to 
adhesions. Patients who underwent gynecological surgery 
involving ovaries and fallopian tubes were even at the 
highest relative risk of hospital readmission for 
complication directly related to adhesions, with an overall 
rate of readmission of 80 to 100 per 100 initial procedures, 
with 15% occurring during the first year and continued 
over the next 10 years. A similar trend was also found in 
hospital readmission of patients who had undergone 
gastrointestinal surgery, with an overall rate 2.5 times 
higher than other lower abdominal surgical procedures. 
Another 22.1% of patients required additional surgery for 
reasons that were possibly related to adhesions (3). 
Peritoneal adhesions affecting the uterus, fallopian tubes, or 
ovaries have been shown to account for approximately 20% 
of all infertility, a problem that is experienced by 10% of 
reproductive age women (1). Collectively, adhesions are a 
key initiating cause of infertility, chronic abdominal/pelvic 
pain and bowel obstruction, and they impair the organs' 
unique physiological functions. Although controversial, the 
presence of abdominal -pel vie pain has often been attributed 
to adhesions, which are estimated to be a contributing 
factor in up to 30% of women with chronic pain (1), 
Extensive adhesions can also lead to serious complications 
for peritoneal dialysis patients or those who require 
intraperitoneal drugs or nutrition. Even for patients who do 
not suffer from adhesion-associated complications, the 



presence of adhesions in re-operative procedures can 
prolong operative time and increase the risk of 
intraoperative/postoperative complications due to injuries 
to the bowel, bladder, blood vessels or other sites (1-8). 
Failure to identify and acknowledge the scope of adhesion- 
associated problems may be a contributing factor that has 
hampered our goal of developing measures to prevent 
adhesions, and is due in large part to ethical and logistical 
restraints to the performance of second- look operations to 
assess the extent of postoperative adhesion development. 

The recognition that adhesions contribute to the 
above clinical problems has generated a great deal of 
interest in development of creative techniques or products 
to prevent postoperative adhesion development (5-8). 
Despite continued efforts and advancements, these measures 
have been found to be ineffective; rather, at best, they only 
reduce the incidence of adhesion formation. Even currently 
available devices, i.e. bio-absorbable membranes, gels, and 
coating solutions, as well as materials presently undergoing 
clinical trials, are formulated such that they have a casual 
relationship with the ultimate goal of serving as an ideal tool 
to prevent postoperative adhesion development. In addition 
to a significant clinical burden associated with surgical and 
medical work loads, the economic impact of adhesion related 
to medical expenses, currently estimated to be around 2-4 
billon dollars annually in the United States alone (1-8), as 
well as the indirect costs associated with reduced business 
efficiency or time lost from work, make finding a successful 
adhesion prevention strategy an urgent necessity. However, 
to reach this goal we must first increase our understanding of 
the peritoneal wound environment at the molecular level, 
which will allow the development of devices that far exceed 
the need of satisfying the basic biocompatibility with the 
surrounding environment. Most of our current knowledge of 
peritoneal wound healing and adhesion formation derives 
from analogous studies of dermal wound healing and scar 
tissue formation. Such comparisons have been 
instrumental in increasing our overall knowledge of the 
peritoneal wound molecular environment, since peritoneal 
adhesion formation is a defective wound healing process 
that is similar to dermal scar formation. However, there 
are reasons to address the issue of peritoneal wound 
healing and adhesion formation in a different context in 
order to identify those differences that may aid us to more 
effectively reach our ultimate goal. We still poorly 
understand why adhesions form more frequently in an 
individual tissue and/or patient than in others. Although 
improved surgical techniques and limited manipulation of 
organs during surgical procedures are probably important 
in preventing adhesions, the post-genomic era with its 
wealth of information may be useful in answering this 
question at the molecular level. In addition, the 
development of superior postsurgical devices that have 
biocompatibility with their surrounding environment and 
carrying wound modifying agents could improve the 
management of adhesion development. In this review, we 
attempt to highlight some of the key molecules 
recognized to modulate the outcome of wound healing 
and scar tissue formation and discuss potential avenues 
that could be utilized to locally alter their expression to 
reach an adhesion-free peritoneal environment. 
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Figure 1. Schematic representation of early events following peritoneal injury and involvement of a number of cytokines, 
chemokines, growth factors, eicosanoids, proteases and adhesion molecules that regulate blood clot formation, inflammation, cell 
migration involving leukocytes, macrophages, and fibroblasts to initiate the wound repair. 



3. MOLECULAR EVENTS 
ADHESION FORMATION 



IN PERITONEAL 



The serosal surface of intraperitoneal organs and 
the parietal peritoneum is composed of mesothelial cells. 
Taken together, these surfaces comprise the largest surface 
area in the body that almost equals that of the skin. Peritoneal 
inflammation, ischemia, infection, and surgically-induced 
tissue trauma can easily damage or permanently remove 
these cells, exposing the submesothelial connective tissue 
(Figures 1 and 2). The onset of cellular and tissue injury is 
associated with remarkable morphological and biochemical 
alterations which promote repair of the defective region. 
However, when this process is unregulated, the outcome of 
wound healing is associated with excessive tissue or scar 
formation (9). In contrast, fetal wounds heal with near- 
perfect regeneration or scarless healing (9). The regulating 
mechanism underlying fetal tissue regeneration is 
unknown, although the extent of trauma and degree of 
inflammation are considered important elements. 
Interestingly, this phenomenon appears to apply only to 
dermal wound healing, because injury to other fetal tissues, 
including intraperitoneal organs, results in scarring similar 
to that which occurs in adult tissues. In addition, aging 
slows the rate of dermal wound healing, while peritoneal 
wounds do not appear to follow this trend. 

The overlapping and dynamic processes that lead 
to peritoneal wound healing include inflammatory 



response, cell growth and differentiation, angiogenesis, 
extracellular matrix turnover, tissue remodeling, and 
apoptosis. While many phases of peritoneal wound repair 
and specific mechanisms regulating these activities 
resemble dermal wound healing, two fundamental 
differences must be taken into consideration. First, dermal 
injuries heal inward from the edges such that the rate of 
healing is dependent on the size of the lesion. On the other 
hand, peritoneal wounds are thought to heal by the 
differentiation of underlying progenitor cells, the 
movement of mesothelial cells from the edge of the wound 
towards the center, and by seeding of the wound with 
mesothelial cells detached from other regions, such that 
healing occurs simultaneously throughout the lesion and 
independent of the surface area of the injury (10). Second, 
peritoneal wounds are continuously exposed to many 
substances that are synthesized and released by mesothelial, 
inflammatory and immune cells in peritoneal fluid and 
various other cell types within the wound. Therefore, direct 
and indirect autocrine/paracrine feedback regulation 
initiated by local expression of these molecules is an 
important component and determinant of the outcome of 
peritoneal healing and adhesion formation. 

The identity and precise nature of the molecules 
that are involved in peritoneal repair processes are not yet 
known. However, emerging evidence from studies 
examining peritoneal wound and peritoneal fluid during 
healing and comparative analogy with dermal wound 
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Figure 2. Schematic representation and involvement of a number of cytokines, chemokines and growth factors that regulate 
angiogenesis that ultimately leads to either peritoneal wound healing or adhesion formation. 



healing has led to the hypothesis that local expression of 
autocrine/paracrine growth factors, cytokines, chemokines, 
proteases, adhesion molecules and the extracellular matrix, 
etc. plays a critical role in these events. As evidenced by 
different degrees of peritoneal tissue repair, the expression 
of these molecules and their biological signals must be 
optimal, precise, and synchronized. The correct and timely 
progression of expression and interaction among these 
signals appear to provide an optimal environment for near 
perfect tissue repair. In contrast, the aberrant function of 
some of these factors seems to be responsible for 
inappropriate wound healing processes affecting the 
inflammatory response, cellular migration, proliferation, 
angiogenesis, and tissue remodeling that result in peritoneal 
adhesions. 

3.1. Inflammatory Mediators and Adhesion Formation 

Most of our understanding of the process of 
peritoneal inflammation and its key regulators has been 
accumulated from clinical and basic science research on 
pelvic inflammatory disease and peritoneal infection in 
peritoneal dialysis patients (11). Peritoneal dialysis is 
performed in a substantial number of patients annually and 
is also the leading cause of adhesion formation (11). These 
studies have led to recognition of an array of molecules that 
are established as key regulators of peritoneal host defense 
mechanisms and functional activity generated to heal the 



defected area in response to infection, inflammation or 
cellular/tissue injury (10-12). The inflammatory and 
immune cells that reside or migrate into the peritoneal 
cavity, mesothelial cells lining the visceral and parietal 
peritoneum, fibroblasts which reside within the 
submesothelial tissue, and their secretory products are the 
key regulators of the peritoneal response to these events 
(10-12). The individual and combined actions of these 
molecules are to initiate, amplify, and control many 
molecular events that ultimately lead either to resolution of 
the inflammatory response, peritoneal wound repair, or 
adhesion formation (Figures 1 & 2). 

In the case of peritoneal injury, coagulation and 
platelet aggregation are initiated to prevent excessive blood 
loss. Cell surface activation of Hagemann factor, a tissue 
procoagulant factor released from damaged cells, as well as 
the activation of surface membrane coagulation factors and 
phospholipids, expressed by activated platelets and 
vascular endothelial cells, initiate these events and promote 
the healing of peritoneal defects (13-15). At the same time, 
as a requirement for initiation of tissue repair, the clots 
must begin to lyse. Both clot formation and degradation are 
regulated by many intrinsic substrates including 
eicosanoids such as prostacyclin, thromboxane, 
leukotrienes, antithrombin III, protein C, plasminogen 
activators, and plasminogen activator inhibitors (13-21). 
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The activities of these substances are regulated by the local 
release of various soluble factors produced by platelets and, 
later in the process, by infiltrating and activated 
inflammatory and immune cells. Platelets release a network 
of highly active substances into the wound environment, 
some with adhesive properties that act as ligands for 
platelet aggregation, e.g. fibrinogen, fibronectin, 
thrombospondin, and von Willebrand factor VIII. Von 
Willebrand factor VIII also mediates platelet adhesion to 
fibrillar collagens through interaction with integrin and 
subsequent platelet activation (14-18). Activated platelets 
also release leukocyte chemotactic factors, platelet derived 
growth factor (PDGF), transforming growth factor alpha 
(TGF-a), heparin binding epidermal growth factor (HB- 
EGF), transforming growth factor beta (TGF-P), etc. (22- 
27). The fibrin clot, which provides an early form of 
extracellular matrix (ECM), retains many of these factors 
that potentiate the migration of inflammatory cells into the 
wound (Figures 1 & 2). 

The induction of a local inflammatory reaction 
due to infiltration of peripheral blood neutrophils and 
monocytes is an important feature of soft tissue repair, and 
animals depleted of macrophages have defective tissue 
debridement, fibroblast proliferation, and wound repair (9). 
Macrophage recruitment into the tissues is further sustained 
in part by platelet-derived cytokines as well as other 
chemoattractant factors. These factors include 
fibrinopeptides cleaved from fibrinogen by thrombin, 
degradation products of fibrin produced by plasmin, 
platelet factor 4 (PF4), eicosanoids (LTB 4 , LTC 4 , and 
PGE 2 ), and platelet-activating factor (PAF) released from 
endothelial cells or activated neutrophils (28). The 
recruitment of inflammatory cells into the wound is also 
facilitated by adhesive molecules such as fibrin, 
fibronectin, and vitronectin that are present in the fibrin clot 
(provisional matrix), as well as integrins that recognize 
these molecules (9,19-21). The infiltrating monocytes that 
become activated and differentiate into macrophages are a 
major source of growth factors, cytokines, chemokines, 
eicosanoids, and proteases (22,25-27). In addition, 
peritoneal macrophages, neutrophils, T cells, mast cells, 
and mesotheiial cells are the sources of many of these 
molecules. Collectively, these molecules, either 
individually or through their interactions, regulate the 
peritoneal wound as it proceeds through a degradative 
phase into a reparative stage that ultimately results in 
peritoneal tissue repair. 

Many of the cytokines and chemokines released 
into the wound regulate the production of eicosanoids and 
proteases that are essential factors in the coagulation 
cascade and inflammatory response (19-29). The 
production of cytokine-induced eicosanoids through the 
cyclooxygenase pathway appears to antagonize, while 
products of lipoxygenase pathway mediate or amplify the 
effect of cytokine action (30,31). The stimulatory actions of 
TGF-P, EGF, and TNF-a on fibroblasts, a key cell type in 
adhesion formation, are augmented by cyclooxygenase 
inhibitors and reduced by the presence of PGE 2 , PGEi, and 
PGI 2 (9,22,24,32). In addition, eicosanoids act as 
intracellular mediators of cytokine and growth factor 



actions in various cell types. Elevated production of 
eicosanoids and their receptors has been associated with an 
increased incidence of adhesion formation, and their 
inhibition through the use of non-steroidal anti- 
inflammatory drugs (NSAIDs), such as ibuprofen, 
indomethacin and meclofenamate, has proven effective in 
reducing adhesion formation in animal models. Although 
limited studies performed to establish efficacy in humans 
have had mixed results (33-35), evidence generated from 
patients with peritoneal inflammation due to peritoneal 
dialysis, animal models of peritoneal inflammation, and in 
vitro studies, support the use of agents to suppress 
peritoneal eicosanoid production in the peritoneal cavity 
following infection or surgical trauma. Intraperitoneal (IP) 
administration of indomethacin in continuous ambulatory 
peritoneal dialysis patients during peritonitis has been 
reported to decrease the intrinsic permeability of the 
peritoneum to macromolecules without effectively altering 
other peritoneal functional parameters (36). In addition, IP 
administration of indomethacin following peritoneal 
bacterial challenge enhances leukocyte migration and 
peritoneal permeability to protein and dialysate 
concentrations of PGE2, PGFla and IL-8. Such 
enhancement occurs without affecting the transperitoneal 
migration of leukocytes or the production of IL-8, a potent 
inflammatory cytokine (37). Leukotrienes, which are potent 
chemoattractant factors for neutrophils, macrophages, and 
eosinophils have been implicated in the pathogenesis of a 
variety of inflammatory processes. Surgically-induced 
peritoneal injury results in upregulation of prostaglandin, 
thromboxine, 5- lipoxygenase, and receptors for LTB-4, 
LTC-4 and LTD-4 throughout healing and peritoneal 
adhesion formation (33,34). LTB-4 mediates its action 
through a G protein-coupled receptor, the LTB-4 receptor 
(BLTR), and targeted gene disruption of BLTR has further 
implicated LTB-4 as a key factor in leukocyte activation. 
Despite a functional redundancy with other 
chemoattractant-receptors, it is apparent that LTB-4 and 
BLTR are central to the recruitment and/or retention of 
leukocytes, particularly eosinophils, to the inflamed 
peritoneum (38). BLTR deficiency did not result in any 
apparent abnormalities and peritoneal neutrophils displayed 
normal responses to the inflammatory mediators such as 
PAF; however, neutrophil influx in response to arachidonic 
acid was significantly reduced following the induction of 
peritonitis in BLTR deficient mice. Surprisingly, female 
mice deficient in BLTR displayed selective survival 
relative to males in response to PAF-induced anaphylaxis 
(39). This finding may be due, in part, to the protective 
action of ovarian steroids. 

3.2. The Role of Chemokines and Cytokines 

Chemokines are small polypeptides divided into 
several subgroups according to the spatial arrangement of 
the first two cysteine residues that include CXC or a, CC 
or P, C or y and CX3C or 5 chemokine (40). Chemokines 
have a potent chemoattractant activity for leukocytes and 
regulate inflammation, angiogenesis, hematopoesis, and 
host response to infection. They mediate their biological 
activities through a distinct family of G-protein-coupled 
receptors that have been identified on various cells types 
(41). The two most prominent chemokines are the CC 
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which include monocyte chemoattractant protein- 1 (MCP- 
1), MCP-5, macrophage inflammatory protein-la (MIP- 
la), MIP-1P, eotaxin, regulated upon activation, normal T- 
cell-expressed and secreted (RANTES), CIO, stromal cell- 
derived factor 1 (SDF-1) and CXC such as IFN-inducible 
protein- 10 (IP- 10), MIP-2, KC and growth-related 
oncogene, Gro-a (40,41). 

Recent in vitro and in vivo studies also point to 
the critical role for chemokines in peritoneal biology, 
specifically, the inflammatory response that often leads to 
adhesion formation (11). Plasma-derived fibrinogen 
released in response to endothelial cell retraction at sites of 
inflammation has been shown to induce peritoneal 
macrophage expression and release of several chemokines, 
including MlP-la, MIP-ip, MIP-2, and MCP-1 (42). 
MCP-1 in turn stimulates peritoneal macrophage LTB-4 
production. The LTB-4 receptor antagonist, CP- 105-696, 
inhibits peritonitis-induced recruitment of neutrophils and 
macrophages, accompanied by a reduction in peritoneal 
MCP-1 expression and survival of mice (43). These results 
suggest that induction of chemokines following the 
initiation of peritoneal injury occurs directly or indirectly 
through the production of LTB-4, and that chemokines 
mediate the recruitment of neutrophils to the site of injury 
(43). Induced peritoneal macrophages are also associated 
with the induction of chemokines such as RANTES, MCP- 
1 and MlP-la (44). IP administration of MCP-1 promotes 
chemotaxis of specific leukocyte populations 
predominately consisting of granulocytes and macrophages, 
while eotaxin selectively enhances eosinophils, and MIG 
induces T cell migration. Administration of methotrexate, 
piroxicam or dexamethasone inhibited cellular migration, 
and MCP-l-mediated trafficking was impaired by treatment 
with anti-MCP-1 antibody or IL-10, a cytokine with anti- 
inflammatory properties (44). Interestingly, MIP-2 
expression was found to be limited to localized inflamed 
regions, independent of the expression of proinflammatory 
cytokines such as TNFa or IL-13 production (45). IFN-y 
treatment selectively inhibited LPS-induced MCP-1, MIP- 
lct, MIP-lp and MIP-2, but induced IP-10 and MCP-5 
expression (46). Peritoneal B lymphocytes which express 
the SDF-1 receptor accumulate and proliferate in response 
to SDF-1 chemotactic and growth-promoting action, and IP 
administration of neutralizing SDF-1 antibody significantly 
decreased their numbers, suggesting that peritoneal derived 
SDF-1 may play a role in the peritoneal migration of B 
cells (47). In addition, SDF-1 reversed the antigen-induced 
T-cell recruitment into the peritoneal cavity, a phenomenon 
described as a movement away from a chemokine, which 
represents a previously unknown mechanism regulating the 
localization of mature T cells (48). IL-3, IL-4, GM-CSF, 
IL-10 and IL-13, cytokines that are expressed by 
mesothelial cells and are present in peritoneal fluid, induce 
macrophage expression of CIO, a CC chemokine that 
regulates the chronic stage of host defense reaction. In 
addition, MCP-I and MlP-la expression is induced by IL- 
3 and GM-CSF, and inhibited by IL-4 or IFN-y. In contrast 
MCP-1 and MlP-la inhibit IL-3- and GM-CSF-induced C- 
10 expression. The peritoneal level of CIO is increased 
following the induction of peritonitis, and IP administration 
of C-10 induced a rapid production of TNF-ot and MCP-1, 



and a later increase in IL-13 levels, which were negatively 
impacted following IP anti-CIO antiserum therapy (49,50). 

IL-13 is a Th2 cytokine with a potent anti- 
inflammatory activity. Induction of peritonitis in mice 
increased tissue expression of IL-13 in liver, lung, and 
kidney, but not in peritoneal fluid or in serum, and the 
inhibition of IL-13 with anti-IL-13 antibodies resulted in a 
decreased rate of survival (51). Interestingly, treatment 
with anti-IL-13 antibodies did not alter peritoneal leukocyte 
infiltration and bacterial load, but it did increase the influx 
of neutrophils into these tissues, as well as the expression 
of MIP-2, KC, MlP-la and TNF-ot (51), These finding 
suggest that endogenous IL-13 mediates its protective 
action through suppression of tissue expression of 
inflammatory cytokines/chemokines. Another cytokine 
with anti-inflammatory properties is IL-10, which 
effectively inhibits the expression of MCP-1, MCP-5, MIP- 
la, MIP-lp, MIP-2, IP-10, KC and RANTES. In addition, 
IFN-y selectively induces IP-10 and MCP-5 expression, but 
inhibits LPS-induced MCP-1, MlP-la, MIP-lp, MIP-2 and 
KC (46). Human peritoneal fibroblasts constitutively 
express MCP-1 and IL-8 and their expression is augmented 
by the pro-inflammatory cytokines, IL-ip and TNF-ct, and 
by peritoneal macrophage-conditioned medium (52). These 
effects were partly due to the presence of IL-ip, since co- 
treatment with the IL-1 receptor antagonist reduced their 
production (52). IL-ip, TNF-ot, IFN-y or their 
combinations also modulate the expression of MCP-1, 
RANTES, IP-10 and GROa by mesothelial cells, by 
inducing GROa and IP-10 expression, and they augment 
constitutive production of MCP-1, with limited effect on 
RANTES expression (53). Furthermore, GROa (8-73), a 
CXC chemokine receptor antagonist, prevented MIP-2 and 
KC-induced neutrophil migration (54). Prior treatment with 
GROa (8-73) or an analogue of PF4- (9-70) resulted in 
inhibition of leukocyte infiltration into the peritoneal cavity 
in response to MIP-2. Moreover, GROa (8-73) treatment 
effectively inhibited TNF-ot-, IL-IP- or LPS-induced 
leukocyte recruitment. These observations point out the 
importance of complex interactions among cytokines and 
chemokines in peritoneal inflammatory and immune 
responses (50), and suggest that their modulation in the 
peritoneal environment might influence peritoneal 
inflammation, healing, and adhesion formation. 

Hyaluronan (HA) and its derivatives are 
extensively used in fabrication of biodegradable materials 
such as membranes, gels, and solutions to prevent adhesion 
formation (6-8). Degradation products of HA often 
accumulate at sites of inflammation, and experimentally 
generated HA fragments have been shown to enhance the 
expression of MCP-1 and IL-8 in human mesothelial cells 
(55). Therefore, increased HA levels in the peritoneal 
cavity of peritoneal dialysis patients as well as the 
byproducts of biodegradable HA-based devices may alter 
the local production of these and other chemokines, 
resulting in prolonged inflammation (55). In addition, 
neutrophil elastase produced during peritoneal 
inflammation and at the site of tissue injury enhance the 
production of MCP-1 by peritoneal macrophages, which 
was inhibited by serine protease inhibitor, 
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phenylmethylsulfonyl fluoride (56). This suggests that, in 
addition to degradation of ECM, proteases may stimulate 
the release of chemokine production by macrophages, 
leading to impairment of peritoneal healing and adhesion 
formation. 

The resolution of the inflammatory reaction, 
which begins with reduced neutrophil infiltration, is also 
essential for the repair process to proceed. Tissue 
neutrophils are entrapped within the clot and desiccated 
tissue, where they become apoptotic and are phagocytosed 
by macrophages (57-61). A number of cytokines, including 
GM-CSF, IL-ip, TNF-ct, and IFN-y that are expressed by 
the mesothelial cells and other wound cells and are present 
in peritoneal fluid, promote the uptake of neutrophils by 
macrophages (57-61). The mechanism involved in the 
clearance of macrophages after the completion of their 
function in the inflammatory reaction has not been defined, 
although macrophages can undergo apoptosis under in vitro 
conditions (25,26,57-61). The continued and appropriate 
expression of cytokines, chemokines and their receptors is 
critical to the resolution of peritoneal inflammation and the 
transition from an inflammatory to a reparative 
environment. Because peritoneal mesothelial cells and 
fibroblasts interact with peritoneal inflammatory and 
immune cells, identification of specific chemotactic, pro- 
inflammatory, and anti-inflammatory cytokines and 
chemokines which regulate their interactions may allow to 
design better strategies to prevent the development of 
adhesions. Such studies would further increase our 
understanding of other biological processes that result in 
either uncomplicated repair or the development of 
adhesions, involving cellular migration, proliferation, and 
differentiation of several cell . types that promote 
angiogenesis, tissue remodeling and synthesis and 
deposition of ECM. 

4. ANGIOGENESIS AND PERITONEAL ADHESION 

In the healthy adult, angiogenesis is restricted to 
the corpus luteum, placenta, endometrium during the 
menstrual cycle, and during wound healing. Angiogenesis 
is a self-limited and strictly regulated process that occurs in 
a sequential manner. It involves degradation of the vascular 
basement membrane and interstitial matrix by endothelial 
cells, migration and proliferation of endothelial cells, and 
finally tubulogenesis and formation of capillary loops (62- 
66). The production of proteolytic enzymes in response to 
angiogenic factors is fundamental to angiogenesis, not only 
for the degradation of perivascular matrix and tissue 
stroma, but also for the migration and proliferation of 
endothelial cells. During angiogenesis, the initial migration 
and proliferation of endothelial cells occurs in a fibronectin 
rich ECM, whereas vascular maturation, which takes place 
at later stages, is laminin rich (9). These processes also 
involve integrins, the essential components of ECM-cell 
and cell-cell interactions that promote cell migration, gene 
expression, cell differentiation and other cellular activities 
(20,21,62-66). At the initial stage of angiogenesis, the 
induction of proteases such as matrix metalloproteinases 
.(MMPs) and serine proteases (fibrinolytic system; 
plasminogen activators) in endothelial cells is necessary to 



degrade components of the ECM, including fibronectin and 
laminin (14-21,62,67-69). However, these proteases are 
produced in inactive forms and must become activated to 
initiate their local actions. Proteolytic activities of these 
enzymes are regulated by naturally occurring physiological 
inhibitors, tissue inhibitor of MMPs (TIMPs) and 
plasminogen activator inhibitors (PAIs) (14-21,67-71). 
Cytokines and growth factors, such as IL-1, IL-8, TNF-ct, 
GM-CSF, VEGF, FGFs, EGF, TGF-ct, TGF-p, PDGF, and 
IGF-I, are considered to be angiogenic enhancing factors 
due to their ability to, 1) regulate the expression of MMPs, 
the fibrinolytic system and their inhibitors, and 2) to 
modulate endothelial cell proliferation and migration (14- 
21,62-74). MMPs, tPA, uPA, TIMPs and PAIs are 
expressed in parietal peritoneum, peritoneal mesothelial 
cells and adhesion fibroblasts, and similar to other systems, 
their expression is regulated by various cytokines and 
growth factors (13,16-22,62-78). Human peritoneal 
capillaries and arteriole endothelial cells express VEGF and 
other angiogenic factors (79) that may regulate the 
proteolytic enzymes and their inhibitors (Figures 2 & 3). 

Since VEGF plays a key role in coagulation, 
fibrinolytic, and angiogenic activities, it is considered to be 
a critical cytokine in the development of peritoneal 
adhesions. Four species of mRNA encoding VEGFs arising 
from alternative splicing have been identified (VEGF 188, 
165, 145 and 120) of which VEGF 188, 165 and 120 are 
expressed in peritoneal wounds. Up-regulated expression of 
VEGF 188 and 120 occurs during the early stages of 
peritoneal healing, and down-regulation of VEGF 165 
expression has been observed 24 to 48 hrs following injury 
(80). Hypoxia, a condition that promotes peritoneal 
adhesion, alters the expression of several cytokines, 
chemokines and eicosanoids in the wound, including the 
expression of VEGF and TGF-P, shown to cause tissue 
fibrosis (81). The peritoneal mesothelial and vascular 
endothelial cells of blood vessels, which supply peritoneal 
adhesions, express both VEGF and FGF-2, supporting a 
role for these cytokines in mediating peritoneal 
angiogenesis during adhesion formation (79). Although 
the expression of FGFs has been documented in a wide 
variety of cells and tissues, including 
monocytes/macrophages, T lymphocytes, vascular 
endothelial cells, fibroblasts, keritonocyte, and 
mesothelial cells (71-73,79,80), a profile of their 
expression and biological activities during peritoneal 
wound healing and adhesion formation awaits 
investigation. FGF-1 and FGF-2 lack the classical 
secretory signal peptides, and their detection in the ECM 
or peritoneal fluid is of unknown cellular origin. 
However, they are released as a result of mechanically- 
induced injury (73,74). Peritoneal injury could serve as a 
mechanism to release FGF from mesothelial cells and/or 
infiltrating inflammatory cells, which along with VEGF and 
EGF/TGF-a act as angiogenic factors as has been shown in 
omental microvascular endothelial cells. Delayed wound 
angiogenesis and healing in aged animals have been 
associated with alteration of FGF-2 and VEGF expression. 
Subcutaneous administration of rFGF induced less capillary 
growth into matrigel in aged mice than in young mice (82). 
These findings further suggest that a decline in angiogenic 



97 



Peritoneal Tissue Repair 














!# 


ip 








§ 


i 







Adipocyte 

Ifc Fibroblast 

Mesathdiaii Cells 



Figure 3. Schematic representation of and involvement of a number of cytokines, growth factors, proteases and adhesion 
molecules that regulate fibrinolysis resulting in either peritoneal wound healing and/or adhesion formation. 



growth factor production and alteration in endothelial 
responsiveness may account for delayed wound 
angiogenesis and healing (82). 

The angiogenic property of these growth factors 
is reflected in their ability to alter the expression of PA 
(uPA and tPA) and PAI-1 in microvascular endothelial 
cells and stimulate their invasion (16,17,66,71,73). For 
instance, VEGF stimulates von Willebrand and tissue 
factors in endothelial cells, and VEGF, FGF, EGF, and 
TGF-a either alone or through synergistic interactions, 
stimulate PA expression that converts TGF-P from its latent 
to active form (16,17,22,63,71,73). The active form of 
TGF-P inhibits PA expression, providing a feedback loop 
that modulates FGF, VEGF, TGF-a and PA expression. 
FGF-2 and TGF-P also have an opposing effect on PA 
activity; FGF acts as a potent inducer of uPA expression 
with a relatively modest effect on PAI-I synthesis, whereas 
TGF-P downregulates uPA and upregulates PAI-I synthesis 
(22,63). Kertitonocyte growth factor (KGF or FGF-7), a 
highly active mitogen for epithelial cells, also stimulates 
uPA expression (63,71,73,74). Several cytokines and 
chemokines also regulate the expression of fibrinolytic 
system, including several interleukins, M-CSF, GM-CSF 
and MCP-1 (11,12,65,66). 

Angiogenesis is also dependent on the balance 
between angiogenic factors and their inhibitors. Among the 
angiogenic suppressors are cytokines, such as TGF-P, 
TNF-a, IFNs, and several other agents (71,83-85). These 
include collagen synthesis modifiers, protamine (an 
arginine rich protein that inhibits the mitogenic action of 
FGF), cyclosporin, PF-4, and HA (although its degradative 



products may be angiogenic), thrombospondin, which is 
released by platelets and is present around mature quiescent 
vessels, but absent from actively growing sprouts, and 
angiostatin, a tumor suppressor factor with angiogenic 
inhibiting property and considerable homology with 
plasminogen and hepatocyte growth factor (HGF), another 
angiogenic factor (83). In addition, an endogenous estrogen 
metabolite has been shown to inhibit angiogenesis in vivo 
and prevents endothelial cell proliferation and migration in 
vitro through a mechanism involving the induction of uPA 
(83,85). Vascular endothelial cells, including those in the 
peritoneum, contain receptors for ovarian steroids, 
suggesting that steroids can potentially regulate vascular 
activities that result in peritoneal healing and adhesion 
formation (79). Although many aspects of 
neovascularization in the peritoneum await investigation, 
the expression of these factors in peritoneal tissue and their 
presence in the peritoneal fluid imply that both direct and 
indirect action of these molecules can alter angiogenesis 
during peritoneal healing and adhesion formation. A 
number of anti -angiogenic factors are currently under 
intense investigation and results from these studies have 
revealed that factors which initiate, control and terminate 
the multi-stage process of angiogenesis may be useful in 
interfering with angiogenesis. Among these are compounds 
that inhibit angiogenic growth factors (IFN-ct, suramin, and 
analogues) or their receptors (SU6668, SU5416), as well as 
endogenous inhibitors of angiogenesis (endostatin, IL-12), 
which are currently being tested for the treatment of a 
variety of disorders in clinical trials (86). Preoperative 
treatment with TNP-470, a potent endothelial cell inhibitor, 
has been reported to reduce vessel ingrowth, and associated 
sustained reduction in adhesion formation (87). In addition, 
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protease inhibitors, inhibitors of the endothelial cell 
proliferation, suppressors of angiogenic growth factors, and 
cytokines are also being investigated for their potential in 
controlling angiogenesis. These compounds may be useful 
as potential agents in the management of peritoneal wound 
healing by limiting tissue fibrosis such as adhesions. 

5. PERITONEAL TISSUE REPAIR 

The repair of denuded parietal peritoneum begins 
immediately after the injury. Various growth factors, 
cytokines, and chemokines, along with their specific 
receptors or binding proteins, appear to have the potential 
property of orchestrating such rapid and dramatic tissue 
reorganization. The expression of many of these cytokines 
and growth factors, and a limited number of chemokines, 
have been detected in parietal peritoneum and adhesions. 
Although direct evidence to link any of these molecules to 
normal physiological and/or pathophysiological processes 
which affects the outcome of wound repair and scar tissue 
formation is lacking, their local expression during the 
wound healing suggests their importance in various 
peritoneal biological activities. Although available 
information regarding the involvement of cytokines and 
chemokines in cellular activities of peritoneal mesothelial 
cells and adhesion fibroblasts is limited, the receptor 
signaling pathways that mediate their intracellular 
biological activities remain largely unknown. 

5.1 . Role of growth factors 

EGF was the first growth factor to be identified 
during peritoneal wound healing and adhesion formation, 
followed by characterization of other members of the EGF 
family including TGF-a and HB-EGF and their common 
receptor, the EGF receptor (88-90). Studies of the 
expression and cellular distribution of EGF, TGF-a and 
HB-EGF, and their receptors, in parietal peritoneum and 
adhesions revealed a widespread association with various 
wound cells. These data suggest that the EGF family of 
growth factors, along with their receptors, might potentially 
affect a wide range of activities during peritoneal healing. 
Consistent with this possibility, EGF was found to act as a 
mitogenic factor for mesothelial and adhesion fibroblasts, 
which are synergistically enhanced by VEGF, IGF and 
PDGF (91). Although VEGF is expressed by mesothelial 
cells and during surgically-induced adhesion formation 
(79,80), its impact on the outcome of peritoneal adhesion 
formation is not known. However, anti-VEGF neutralizing 
antibody lowered VEGF expression in wound fluid and 
reduced vascularization without affecting granulation tissue 
formation (81,92), further implicating VEGF in 
angiogenesis. IGFs and their binding proteins (IGFBPs), 
which regulate IGF-1 availability, are present in the 
circulation and in tissue fluids in association with IGFBPs 
through high affinity binding (93). IGFs, IGF-BPs, and the 
IGF receptor are expressed throughout the period of 
peritoneal wound healing, with significant increases in their 
expression during adhesion formation (94). Interference 
with IGF-I activity, both systemically and intraperitoneally 
through hypophysectomy (resulting in low IGF-1 levels) or 
IP administration of IGFBP-4, have been shown to reduce 
the severity of postoperative peritoneal adhesions (95). 



IGFBP-3 binds the native fibrin clot, fibrinogen, and fibrin 
through its interaction with the heparin binding domain and 
in the presence of plasminogen. Such interactions may 
concentrate IGF-1 at wound sites, and upon its release 
binds to IGF receptors that are present on stromal cells 
migrating into the fibrin clot (96). Fibrin clot associated 
IGF and other growth factors can become accessible for 
local biological activities through the proteolytic action of 
various proteases that are present in the early phase of 
tissue injury. Neutrophil proteases, cathepsin G, and 
elastase, in addition to their functions as ECM-degrading 
enzymes, can potentially regulate IGFs and IGFBPs during 
inflammation and wound healing (97). IGF-I has a growth 
promoting activity for many cell types; however, similar to 
EGF, IGF-1 is not a particularly strong mitogen for 
adhesion fibroblasts or mesothelial cells, and requires 
interaction with other growth factors such as EGF and 
PDGF (91). The requirement for growth factor interactions 
is related to the ability of an individual growth factor to act 
either as a competence (PDGF) or progression (EGF and 
IGF) factor. PDGF, TGF-a, HB-EGF and IGF-1, which are 
expressed and released by platelets and macrophages, can 
potentially act in this manner and influence cell migration 
and proliferation at the earliest stages of peritoneal wound 
healing (23,24). 

Peritoneal mesothelial cell-derived HB-EGF, 
through its receptors HER-1 and HER-4, and associated 
proteins, integrin ct3pi, regulate mesothelial cell migration 
by increasing pi integrin expression and adhesion to 
collagen type I (90). Platelet-derived extract, which 
contains various wound-activating factors, has been 
reported to increase avp3 integrin expression, and to 
promote angiogenesis, revascularization and granulation 
tissue formation (98). Mesothelial cells and the serosal 
tissue of parietal peritoneum and several intraperitoneal 
organ express several integrins, including ctvP3. Following 
tissue or cellular injury, these integrins could participate in 
promoting angiogenesis, mesothelial cell migration, re- 
epithelialization and/or adhesion formation by altering 
fibroblast migration (99-101). The pattern of integrin 
subunit expression has been reported to be identical on 
mesothelial cells in the anterior peritoneum and uterine 
serosal, suggesting a bi-directional communication between 
peritoneal exudate cells and connective tissue fibroblasts 
(101). This pattern of integrin expression on mesothelial 
cells could be important since integrin a4-deficient T 
lymphocytes cannot migrate properly during thioglycolate- 
induced peritoneal inflammatory response (102). 
Furthermore, intergins could activate latent TGF-P, a key 
factor involved in all phases of the tissue repair processes 
including granulation tissue formation and tissue fibrosis 
(21,22,103,104). TGF-P is secreted as latent protein 
complex and stored at the cell surface in association with 
ECM proteins that regulate its availability and activity. 
TGF-P must become activated before binding to the TGF-P 
receptor, but the mechanism(s) underlying the conversion 
of latent to active TGF-P in vivo remain unknown. 
However, under in vitro conditions transient acidification 
and heating, as well as treatments with plasmin, 
thrombospondin-1, and mannose 6-phosphate have also 
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been reported to activate latent TGF-P (21,22,103-106). 
Activated TGF-P regulates integrin, ECM, and proteases 
such as the fibrinolytic system, MMPs and their inhibitors 
(9,21,22,103-107). TGF-Ps have multiple biological 
activities depending on the cell type and the specific 
microenvironment. TGF-P has both stimulatory and 
inhibitory effects on cell growth and proliferation, and their 
mitogenic activity has been reported to be indirect and due 
to the induction of growth factors such as PDGF and PDGF 
a receptor (21,23). TGF-Ps also enhance the expression of 
the EGF receptor, and are synergised with EGF- induced 
gene expression including the induction of TGF-pl, but not 
TGF-P2 expression, which in turn decreases the number of 
high affinity EGF receptors. Moreover, TGF-P upregulates 
its own expression in a variety of cell types, including 
adhesion fibroblasts and mesothelial cells (21,108,109). 

Overexpression of TGF-P 1 has been implicated 
in a number of disorders involving fibrotic abnormalities 
including pulmonary fibrosis, glomerulonephritis, cirrhosis 
of the liver, and dermal scarring (22,104,110-112). 
Deletion of the TGF-pl gene through homologous 
recombination suggests that the release of TGF-P 1 from 
degranulating platelets or its secretion by infiltrating 
macrophages and fibroblasts are not critical either to 
initiation or the progression of tissue repair, and further 
suggests that endogenous TGF-P 1 may actually increase 
inflammation and retard wound healing (111). In contrast, 
TGF-pi-/- Scid-/- mice demonstrated a major delay in 
wound healing that involved wound inflammation, cell 
proliferation, and maturation. Immuno-deficient Scid-/- 
mice that express TGF-P 1 do not experience a delay in 
wound healing, suggesting that the immune cells and TGF- 
pi affect compensatory pathways in wound healing, and 
that the delayed expression of TGF-p2 and TGF-P3 that 
occurs in the absence of TGF-P 1 is responsible for the 
delayed wound healing. In addition to TGF-pl, these 
observations further imply a key role for TGF-P2 and/or P3 
in wound healing (112). In particular, TGF-P3 significantly 
increased wound cellular proliferation, breaking strength, 
and collagen deposition, indicating the importance of TGF- 
P3 in wound healing (113). 

Evidence that implicates TGF-P in peritoneal 
adhesion formation results from experiments showing the 
expression of TGF-P in parietal peritoneum, and the serosal 
surface of several peritoneal organs. Adhesions with 
mesothelial cells and adhesion fibroblasts are major sites of 
TGF-P expression, and elevated levels of TGF-P have been 
observed in adhesion tissues and in the peritoneal fluid of 
patients with adhesions (1 14-1 16), as well as in surgically 
induced-adhesion formation in animal models (117-123). 
Mice heterozygous for TGF-P 1 (+/-) experienced 
significantly lower adhesions and expressed at least two 
fold lower TGF-P 1 protein in their peritoneal fluid 
compared with wild type (+/+) animals (122). Furthermore, 
postoperative peritoneal administration of TGF-p has been 
shown to increase adhesion formation, while neutralizing 
antibodies directed against TGF-Ps reduced the incidence 
of adhesion formation (121,122). TGF-P 1 and TGF-P3 are 



expressed in serosal tissue of parietal peritoneum, the 
uterus, oviducts, ovaries, omenta, the large and small 
bowels, as well as the adhesions, fascia and subcutaneous 
tissue in subjects with and without adhesions. 
Comparatively, there was more variation in TGF-p than 
TGF-P3 expression in the absence of a relationship to age 
or gender. Furthermore, adhesions express a significantly 
higher TGF-pl and had the highest TGF-P UTGF-P3 ratio, 
with lowest levels and ratio detected in omentum, small and 
large bowels, in contrast the uterus expresses higher TGF- 
P3, with lowest levels detected in subcutaneous tissue and 
large bowels. In subjects with adhesions, the adhesions 
express significantly more TGF-P 1 compared to intact 
parietal peritoneum. Since TGF-P is expressed differently 
in these tissues and tissue injury often alters the expression 
of TGF-P, we proposed that tissues with a higher basal 
expression of TGF-P are more predisposed to develop more 
adhesions compared to others (114). 

5.2. The role of Cytokines 

The interleukins are another key group of 
regulators of peritoneal wound healing and adhesion 
formation. IL-1 is considered a key proinflammtory 
cytokine and both IL-1 a and IL-1 pare expressed during 
the early stage of wound healing. However, these cytokines 
are also expressed by mesothelial cells and fibroblasts, and 
are detectable in peritoneal fluid, suggesting their influence 
on other phases of wound healing including tissue fibrosis 
(9,10,12,26,108,115,120,124). The peritoneal expression of 
IL-1 increases following surgical-induced injury, peaking 
during the first week and its inhibition was shown to reduce 
the incidence of postsurgical adhesion formation. In 
contrast to IL-1 a or IL-p, M-CSF, G-CSF and IL-6 failed 
to trigger the proliferation of mesothelial cells, although 
they are expressed by these cells (124). GM-CSF also 
induced its own expression and the expression of TGF-P 1 
in peritoneal fibroblasts. TGF-P is a potent chemoattractant 
factor for macrophages and fibroblasts, whereas GM-CSF 
promotes macrophage uptake of apoptotic neutrophils 
(118). The interactions between TGF-(5 and GM-CSF in the 
peritoneal environment may act as an important regulator to 
maintain a balance between the inflammatory and 
immunosuppressive activities of GM-CSF and TGF-P, 
respectively. Furthermore, GM-CSF markedly increased 
the expression of TGF-a by macrophages, while P, 
IFN-y, IL-6 and TNF-a induced the expression of PDGF 
(125). Analysis of IL-1 a, IL-lp, TNF-a, PDGF, TGF-pl, 
and bFGF expression in scar biopsies led to the hypothesis 
that impaired production of cytokines such as IL-1 a 
decreases, whereas augmented PDGF production increases 
matrix formation in hypertrophic scars (126). 

Another cytokine, IL-2, is synthesized by 
activated T helper cells and is a mitogen for T, NK, and B 
cells. In addition, IL-2 stimulates IFN-y, IL-3, IL-4, IL-5, 
and GM-CSF production. Mesothelial cells have not been 
shown to express IL-2, IL-3, IL-4, or IL-5 (124); however, 
a human mesothelial cell line expresses these cytokines, 
and they are detected in human peritoneal fluid (1 1,12,127) 
that locally can act to modulate the expression of GM-CSF 
and other cytokines. In addition, IL-2 has been shown to 
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increase the survival of mice with peritonitis (128). IL-4, a 
key Th2 cytokine, produced by T cells, mast cells, and 
basophiles, suppresses the development of Thl cells. IL-4 
has been found to stimulate connective tissue fibroblasts, 
accumulation of ECM, production of IL-6 and inhibit the 
expression of IL-1, IL-8, and TNF-a, it is considered a key 
wound healing cytokine by influencing the pathogenesis of 
fibrotic disorders and inflammatory response (129-131). 
Topical application of IL-4 in experimental wounds 
appears to enhance, whereas, IL-4 antisense 
oligonucleotides inhibit the rate of wound healing (132). 
IL-5 is major product of NK cells that regulates eosinophil 
differentiation, and increases B cell proliferation and T cell 
cytotoxicity; and combined production of IL-4 and IL-5 
results in mast cell and eosinophil stimulation (129). IL-6 
is produced by a variety of cells including mesothelial cells 
and fibroblasts, and induces IL-2 and IL-2 receptor 
expression, while it inhibits TNF-a production, providing a 
negative feedback for limiting the acute inflammatory 
response. The upregulation of IL-6 production associated 
with a variety of chronic inflammatory and autoimmune 
disorders, including peritonitis (11,26,124-129), implicate 
another member of the interleukins family in mediating 
peritoneal mesothelial cells activities. IL-6 is positively 
regulated by IL-1, TNF-a VEGF and PDGF, whereas it is 
inhibited by IL-4 and IL-10 (133-136). Because IL-6 has a 
stimulatory action of endothelial cell proliferation and 
VEGF expression, it may alter the outcome of angiogenesis 
that results in adhesion formation (135). IL-6-deficiency 
has been reported to result in a significant delay in wound 
healing, characterized by minimal epithelial bridge 
formation, decreased inflammation, and granulation tissue 
formation, which was reversed by a single dose of 
recombinant IL-6 or IP injection of an expression plasmid 
containing the full-length IL-6 cDNA (136). Treatment 
with rIL-6 also reconstituted wound healing in 
dexamethasone-treated immunosuppressed mice (136). 
Elevated expression of IL-6 in peritonitis and following 
surgically-induced peritoneal injury further implicates IL-6 
in peritoneal adhesion formation (1 1,12). 

IL-8 which belongs to the chemokines family, is 
the main chemotactic factor for neutrophils. It upregulates 
the expression of cell-surface adhesion molecules, such as 
endothelial leukocyte adhesion molecule and intracellular 
adhesion molecule, that enhance neutrophil adherence to 
endothelial cells and facilitates their migration through 
vessel walls. IL-8 is expressed in parietal peritoneum and 
adhesions, and its expression in mesothelial cells is 
regulated by IL-1 and TNF-a (11,12,137). Increased 
production of IL-8 in nonhealing wounds has been shown 
to prevent keratinocyte replication without effecting 
fibroblasts. However, IL-8 inhibits the rate fibroblast 
migration into the collagen lattice, a process reversed by 
co-treatment with indomethacin through the inhibition of 
prostaglandin production (138). Although elevated levels of 
IL-8 may delay wound healing by retarding wound closure 
(138), topical application of IL-8 on human skin grafts in a 
chimeric mouse model has been reported to enhance re- 
epithelialization, though it induced a significant reduction 
in wound contraction (139). These results further indicate 
that IL-8 can sequentially influence all phases of wound 



healing, including tissue remodeling associated with 
adhesion formation. 

IL-10 is produced by Th2 cells and inhibits Thl 
function by preventing the production ofThl cytokine, such 
as IL-4 and IFN-y Thus, it is considered a T cell 
cross-regulatory factor and a key anti-inflammatory 
cytokine (26,140,141). IL-10 is expressed by a variety of 
cell types, including CD4+ and CD8+ T cells, and activated 
B cells, mesothelial cells and fibroblasts, and it is 
detectable in wounds throughout the healing period (142). 
IL-10 expression peaks immediately after injury and 
returns to normal levels within 24h, but is increased again 
at a later time point. IL-10 has been shown to inhibit 
overexpression of MCP-1, MlP-la, IL-1P, IL-6, and TNF- 
a following tissue injury, and neutralizing antibody to IL- 
10 inhibited the infiltration of neutrophils and macrophages 
at the site of injury (142). IL-10 is also expressed during 
peritoneal wound healing. Although postoperative 
application of IL-10 did not alter the outcome of peritoneal 
adhesion formation, it was found to be effective at reducing 
the incidence of adhesion formation (143). Interestingly, 
peritoneal fluid contains low levels of IL-10 during the 
postoperative period that do not correlate with adhesion 
scores, suggesting that the endogenous IL-10 may not play 
a role mediating adhesion-free peritoneal healing (143). In 
contrast, IL-10 has been reported to disseminate bacterial 
outgrowth during peritonitis, and it protected mice from 
lethality by attenuating a systemic inflammatory response 
through a mechanism involving inhibition of TNF-a 
release (144). Mice deficient in IL-10 that were subjected 
to ischemia and reperfusion injury experienced a higher 
rate of mortality and more severe tissue injury, 
characterized by epithelial hemorrhagic necrosis, 
upregulation of adhesion molecules, neutrophil infiltration, 
as well as the production of TNF-a and IL- 6 (152,145). It 
has been suggested that IL-10 exerts an anti-inflammatory 
action during reperfusion injury, possibly by regulating the 
early stress-related genetic response, adhesion molecule 
expression, neutrophil recruitment, and subsequent 
cytokine and oxidant generation (52,145,146). 

IL-10, as well as IL-4, inhibits IL-1 2 production, 
an important cell-mediated inflammatory cytokine that 
plays a key role in wound healing. IL-1 2 is produced by 
activated macrophages, and among its key biological 
activities is the activation and proliferation of T cells, and 
NK cells, NK cell cytotoxicity, and IFN-y production (147). 
Immunoneutralization of IL-1 2 in septic peritonitis not only 
resulted in increased mortality, but also promoted a shift 
away from IL-12 and IFN-y in favor of IL-10 production 
(148). IL-1 3 like IL-10 is a key anti-inflammatory cytokine, 
and is closely related to IL-4; it is expressed primarily by T 
cells, mast cells, and activated basophils. The anti- 
inflammatory activity of IL-1 3 is due in part to its ability to 
inhibit inflammatory cytokines such as IL-lfi, TNF-a, IL-8, 
and IL-6 and induce IL-1 receptor antagonist and IL-1 type 
II receptor expression (149-150). IL-1 5 is another novel 
cytokine that shares many of its biological functions with 
IL-2 and is expressed in various cell types including 
mesothelial cells. IL-1 5 is expressed as two isoforms due to 
alternative splicing, with a different pattern of expression 
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and regulation than that reported for IL-2 (151-152). IL-15 
is a key regulator of the local innate tissue inflammatory 
response and adaptive immunity, in particular that 
associated with NK cell proliferation, cytotoxic killing, and 
IFN-y and TNF-a production (151-153). IL-13 and IL-15 
are both expressed in peritoneal serosal tissue and 
adhesions, and are present in peritoneal fluid (154). A 
comparative analysis of peritoneal fluid content of IL-13 
and IL-15 in women with endometriosis, which causes 
peritoneal inflammation and adhesion formation, in women 
who developed peritoneal adhesions unrelated to 
endometriosis, and in women with normal pelvic anatomy 
showed that these two cytokines may play a key role in 
mediating abnormalities associated with these disorders 
including adhesion formation (154). Interestingly, IL-13 
and IL-15 differentially regulate TNF-a and TNF-a 
receptors expression, and TNF-a receptor type I content in 
the peritoneal fluid of women with peritoneal adhesions 
differs from those with endometriosis. The results of these 
studies, as well as reports demonstrating a diverse pattern 
of expression and distinct biological actions for IL-13 and 
IL-15 in other cells and tissues, suggest that these cytokines 
play a key role in both normal biologic functions and in 
pathologic conditions affecting the peritoneal cavity. 

TNF-a also induced the expression of IL-18, 
another key inflammatory cytokine related to IL-1, while 
EGF and TGF-a inhibited its expression without 
influencing IL-18 protein release (155). There was also an 
increase in IL-18 expression during the cutaneous wound 
repair that was closely correlated to infiltration of 
neutrophils known to produce TNF-a (156). A genetically 
diabetic db/db mouse, with a prolonged wound 
inflammatory phase, had elevated expression of IL-18 
during the late phase of repair and an absence of IFN-y, 
despite the presence of subsets of leukocytic cells at the 
wound site that are known to produce IFN-y in response to 
IL-18. Interestingly, TGF-P expression at the wound site 
may have a counterregulatory action on IL-18-induced 
IFN-y expression, as TGF-P suppressed the production of 
IFN-y by peripheral blood mononuclear cells following IL- 
18 induction (157). IL-10 and IFN-y interaction also 
resulted in upregulation of TNF-a expression (158), a key 
proinflammatory cytokine with functions similar to IL-1 
and IL-6. Patients with peritonitis had elevated levels of 
TNF-a, IL-1 a, IL-6 and their soluble receptors, as well as 
IFN-a and IL-10 in the peritoneal fluids (11,12). 

5.3. The role of Chemokines 

Chemokines, such as MCP-1, IL-8, GROa, IP- 10, 
and Mig, are sequentially and differentially expressed 
during the phase-specific infiltration of leukocyte subsets in 
human wound healing (159,160). The timing of MCP-1 and 
MIP-1 expression in the wound suggests that MCP-1 is 
critical during the early phase, while MIP-1 may regulate 
the events occurring during the later phase of the repair 
process (161). In addition, the induction of MCP-1 in 
keratinocytes following wounding is attenuated by IL-la- 
and TNF-a and augmented by IL-8, a functional human 
homolog to murine MIP-2 (162). Interestingly, wound re- 
epithelialization and collagen synthesis in MIP-1 a deficient 



mice were nearly identical to that occurred in wild-type, 
whereas MCP-1 deficiency resulted in a significant delay in 
these parameters without affecting the number of wound 
macrophages (163), suggesting that monocyte recruitment 
into wounds is independent of MCP-1. IP- 10 is expressed 
in human dermal wounds, with highly elevated levels in a 
number of chronic inflammatory conditions, including 
psoriasis. Transgenic mice that constitutively express IP- 10 
in keratinocytes developed normally and did not 
spontaneously recruit leukocytes into the skin or other 
organs that expressed the transgene. However, these mice 
had an abnormal wound healing response characterized by 
a more intense inflammatory phase and a prolonged and 
disorganized granulation phase associated with impaired 
blood vessel formation (164). IP- 10 also inhibits EGF- and 
HB-EGF-induced dermal fibroblast motility without 
affecting either the basal or EGF receptor-mediated 
mitogenesis (165). These results suggest that IP-10, by 
inhibiting neovascularization, may have a novel biologic 
activity as an inhibitor of wound healing (164). The 
expression of MGSA/GRO and their receptor, the type B 
IL-8 receptor (IL-8RB), is restricted to sites populated by 
differentiated keratinocytes in normal skin. However, 
wounds that resulted in hypertrophic scaring expressed IL- 
8RB only in specific locations within epidermal and dermal 
compartments of normal and hypertrophic epidermal 
wounds and in granulation tissues (166). In addition, 
fibroblasts prepared from keloids or normal skin fibroblasts 
do not express MGSA/GRO; however, its expression 
induced following treatment with IL-1 and inhibited by 
glucocorticoid (167). Although these chemokines are 
synthesized and released by activated peritoneal fluid 
resident cells i.e. macrophages, neutrophils, mast cells and 
T cells, little is known about their expression during the 
peritoneal wound repair process. Intact peritoneum and 
adhesions express MCP-1, RANTES and IP-10 (168). 
During peritoneal wound healing, MCP-1 expression is 
detected within 48 hrs of postinjury that remained elevated 
until the fourth postoperative day and daily IP 
administration of anti-MCP-1 antibody for 6 days 
significantly reduced the incidence of adhesion formation 
(169). In addition, the peritoneal fluid content of MCP-1 
was elevated in women with adhesions; however, there was 
no incremental effect of MCP-1 level on adhesion 
formation in patients with endometriosis (170). However, 
peritoneal serosal tissues and adhesions as well as 
mesothelial cells and adhesion fibroblasts, also express 
MCP-1, IP-10 and RANTES, and may turn serve as 
potential sources of these chemokines in peritoneal fluid. 
Elevated expression of MCP-1, IP-10 and RANTES in 
surgically-induced adhesions in rats and mice was directly 
proportional to the incidence of adhesions (1 68,169). 

d TISSUE REMODELING IN ADHESION DEVELOPMENT 

Extracellular matrix (ECM) deposition and tissue 
remodeling are critical to all phases of normal wound 
healing most notably cell migration, growth and 
differentiation, angiogenesis and tissue fibrosis 
(9,67,69,108,171). During wound healing, wound cells are 
in dynamic contact with ECM, and through the interactions 
and communication mediated by integrins, promote 
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Figure 4. Schematic representation of fibrinolytic system and metrix metalloproteinases interactions, and their regulation by 
cytokines, chemokines and adhesion molecules that result in peritoneal wound healing and adhesion formation. 



intracellular signals that regulate the above process 
(21,108,172). In addition, wound cells synthesize and 
release several proteolytic enzymes that hydrolyze various 
components of the ECM, such as collagens, fibronectin, 
vitronectin, laminin, elastin, and proteoglycans, allowing 
wound healing to proceed (108,171,172). Immediately after 
tissue injury, the exposure of fibrillar collagen to blood 
promotes aggregation and activation of platelets and the 
release of chemotactic factors, cytokines, chemokines, 
growth factors, proteases, etc., that regulate the ECM. 
Fibronectin, a major ECM component, is deposited in the 
wound as a part of preliminary matrix acting as a scaffold 
for cell migration and collagen deposition, and later 
regulation of re-epithlialization and wound contraction 
(9,108,171-176). Proteolytic degradation of collagens and 
fibronectin results in formation of smaller fragments that 
attract inflammatory cells, and later fibroblasts, into the 
injured area. Fibronectin fragments, but not intact 
fibronectin, also induce the expression of MMPs and PA, 
and increase proteoglycan content in a concentration- 
dependent manner (177,178). These fragments also 
enhance the release of several growth factors and cytokines 
that bind either to their specific cell surfaces or to the ECM 
following their release from producer cells (177,178). 
Many of these cytokines regulate proteases and ECM 
expression. Neutralization of the action of these cytokines 
reduced fibronectin fragment-mediated MMP-3 release and 
suppressed proteoglycan synthesis (178). As illustrated the 
interactions among components of the ECM, proteases and 
cytokines are regulated through a feedback mechanisms 
that are critical to the inflammatory response, angiogenesis 



and tissue repair occurring during peritonitis and peritoneal 
wound healing processes (Figure 4). 

Although a very limited information is available 
regarding the expression and role of ECM in peritoneal 
environment during wound healing and adhesion 
development, collagen type I, type III and fibronectin are 
localized in the peritoneal wall and their expression is 
detected in peritoneal mesothelial cells and adhesion 
fibroblasts (101,109,179). TGF-P in a cell specific manner 
increases the expression of fibronectin and procollagen I in 
human adhesion fibroblasts, whereas it induces collagen 
type III, with a limited effect on collagen I in mesothelial 
cells (179,180). Because overproduction of TGF-p is 
associated with increased incidence of adhesion formation, 
modulation of the expression of ECM in adhesion 
fibroblasts may partly account for TGF-P induced 
adhesions (179,180). Peritoneal mesothelial cells and the 
serosal surface of several peritoneal organs and parietal 
peritoneum also express integrins, such as otv and p3 
(99,101). These integrins specifically bind fibronectin and 
vitronectin expressed by peritoneal serosal tissue and 
mesothelial cells, and are regulated by TGF-P (79,107). 
Vitronectin deficiency has been reported to cause only a slight 
delay in dermal wound healing and was associated with a 
temporal increase in uPA and tPA activity in microvessels and 
decreased angiogenesis in response to tissue injury (180). The 
interaction of vitronectin with PAI-1, integrins and MMPs, 
factors having individual and interactive biological activities 
critical to the outcome of wound healing, further imply the 
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importance of vitronectin in peritoneal wound healing and 
adhesion formation. 

ECM components are also important in 
regulating the expression of growth factors and cytokines in 
an interactive manner (175,176). In vitro experiments have 
shown that the expression of TNF-a and PDGF are 
dependent on the existence of ECM proteins (176,181). In 
contrast, the expression of TGF-p is constitutive, and IL-1, 
which is stimulated by bacterial endotoxin, is ECM- 
independent (182). The importance of ECM becomes 
further apparent when considering the association between 
numerous cytokine and growth factor soluble receptors 
with the ECM compartment (183-185). In some cases 
these specific ligand-receptor interactions involve either a 
single subunit or a complex of two or more subunits that 
are commonly shared among certain cytokines to initiate a 
cascade of intracellular signal transduction. However, many 
of these receptor molecules, often representing the ligand 
binding domain of the receptor complex, are detectable in 
naturally-occurring soluble forms in the serum, plasma, 
urine and in various cell culture-conditioned media. These 
include soluble receptors for interleukins, G-CSF, M-CSF, 
GM-CSF, TNF-a, EGF, TGF-a, TGF-p and PDGF, as well 
as IGFBPs. For instance, the protoglycan, decorin, as well 
as other ECM components such as biglycan and 
fibromodulin, associate and result in inactivation of TGF- 
P (22,103-105). TGF-P can downregulate the expression of 
decorin, while upregulating biglycan and inhibiting 
flbrilogenesis. Although the in vivo functions of these 
soluble receptors are unknown, potentially they can restrict 
the biological activities of their receptive ligands 
(antagonists), act as scavengers, control the physiological 
levels of these cytokines, or function as transport proteins 
to be presented to cell surface receptors. 

Tissue remodeling and the induction of fibrosis 
occur not only by promoting chemotactic recruitment of 
fibroblasts and increasing in the deposition of ECM 
proteins, but also through the differential regulation of 
proteolytic enzymes that degrade the ECM (9,11,67,108). 
The earliest event in the wound repair process involves 
deposition of fibrin-rich exudates, referred to as provisional 
matrix (9,108). This matrix contains a variety of substances 
that are key elements in the initiation of wound healing; 
however, the resolution of this matrix is also necessary for 
the continuation of the healing process (9,108). The 
components of the fibrinolytic system and MMPs interact 
in a variety of ways to regulate many of the processes that 
are required for ECM proteolysis ( 1 6, 1 7, 1 08). 

6.1. The role of Fibrinolytic System 

Plasmin, a broad-range serine protease, cleaves a 
number of ECM components and degrades fibrin and its 
proenzymes, tPA and u-PA, are inhibited by PAIs, in 
particular, PAI-1 (16,17), Different cell types, including 
wound cells, express components of the fibrinolytic system 
(9,11,12,16,17). In the peritoneal cavity, peritoneal 
macrophages produce tPA, PAI-1, and their receptors, but 
the major contributor to fibrinolytic activity in the abdomen 
appears to be the mesothelial cell (11,12,186). Mesothelial 
cells mainly express the activators of fibrinolysis, whereas 



its inhibitors are widely distributed in a variety of tissues 
(11,12,187). This suggests that an intact mesothelium 
seems to be crucial in maintaining the balance of fibrin 
deposition and degradation. Gene targeting has provided 
important evidence supporting the role of fibrinolytic 
components in various physiological and pathological 
events including wound healing. Studies of individual and 
combined deficiencies of uPAR and tPA have shown that a 
deficiency in uPAR/tPA does not induce as profound an 
impairment in wound repair as that seen with uPA/tPA 
deficiency following full-thickness skin injury (188). These 
studies suggest that uPA alone is sufficient to clear fibrin 
deposits and support wound healing without the benefit of 
either uPAR or tPA. However, plasminogen deficiency 
causes severe thrombosis with delayed wound healing, in 
part due to impaired keratinocyte migration. Deficiency in 
both plasminogen and fibrinogen revealed that removal of 
fibrinogen from the extracellular environment alleviates the 
impairment associated with plasminogen deficiency and 
corrects healing, implying a fundamental physiological role 
for plasminogen in fibrinolysis (189,190). Furthermore, in 
vitro studies strongly support the importance of plasmin in 
angiogenesis; however, angiogenesis and fibrinolytic 
activity do not always appear to correlate with in vivo 
observations as suggested by the evidence of normal 
angiogenic activity during wound healing in the presence of 
plasminogen-deficiency (189,1 90). Deficiency in 
vitronectin was also associated with an increase in uPA and 
tPA activity (180). A further role of fibrinolysis in wound 
healing is suggested by the action of D dimer, a plasmin 
proteolytic fragment of fibrin, on the induction of PAI-1 
expression, constituting a negative feedback mechanism in 
which specific fibrin fragments control the persistence 
fibrin at sites of inflammation and fibrosis (191). In 
addition, the annexin II heterotetramer (Allt) that binds 
tPA, plasminogen, and plasmin stimulates the tPA- 
dependent conversion of plasminogen to plasmin and Allt 
is the key physiological receptor for plasminogen on the 
extracellular surface of endothelial cells (192)(Figure 4). 

Tissue trauma, ischemia and infection, events that 
increase the incidence of adhesion formation, are associated 
with reduced peritoneal fibrinolytic activity due to the rapid 
reduction in tPA activity and the increase in PAI-1 
production that occurs shortly after post-operation (1 1,193). 
It seems possible that reduced tPA activity, in conjunction 
with over-expression of PAI-1 and quenching of t-PA, may 
explain the high frequency of adhesion reformation after 
adhesiolysis (1,11). A lower tPA to PAI-1 ratio was also 
observed immediately after surgery in patients who 
underwent hepatic versus colorectal resection. Extensive 
hypercoagulation and hypofibrinolytic activation during the 
late postoperative period also impair wound healing 
(9,11,194,195). Because impairment of peritoneal 
fibrinolysis following tissue injury leads to the 
development of adhesions, the effectiveness of 
intraperitoneal applications of recombinant tPA has been 
tested for the prevention of adhesions (194-198). 
Intraoperative IP administration of tPA has been shown to 
alter the strength, and extent of fibrous bands and wound 
strength with significantly lower plasma PAI-1 and PAI-2 
production one to two weeks postsurgery. These findings 
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suggest that tPA can reduce the incidence of postoperative 
peritoneal adhesions without impairing wound healing. The 
effect of rtPA in overcoming the inhibition of fibrinolysis 
was dose related, as low levels showed no effect on 
adhesion formation, while higher concentrations reduced 
adhesions that paralleled wound hydroxyproline content 
(198). However, as indicated in many other studies, the 
levels of rtPA required to alter or prevent peritoneal 
adhesion formation not only impair the early phase of 
wound healing, but can also be detrimental (199). 
Intraperitoneal administration of anti-PAI-1 antibodies has 
also been reported to reduce the incidence of adhesion 
formation in surgically-induced peritoneal injury, possibly 
by limiting the availability of PA1-1 to inhibit tPA (200). 

6.2. The role of Matrix Metalloproteinases 

In addition to the fibrinolytic system, MMPs, a 
family of zinc-dependent endopeptidases, as a group can 
degrade essentially all components of the ECM that control 
tissue remodeling of newly formed granulation tissue. So 
far, 28 members of the MMP family have been identified. 
Based on their structure and substrate specificity, MMPs 
are divided into subgroups that include: collagenases 
(MMP-1, MMP-8, MMP-13), gelatinases (MMP-2, MMP- 
9), stromelysins (MMP-3, MMP-7, MMP-10, MMP-1 1), 
matrilysin (MMP-9), and the membrane-type MMPs (MT- 
MMP) such as MT-MMP-1, etc (9,67,69,108,201). The 
catalytic activity of MMPs is controlled, at least in part, by 
their physiological inhibitors, TIMPs, which are comprised 
of TIMP-1 -2, -3 and -4 (67-70,202). MMPs typically are 
not constitutively expressed; however, they are induced in 
tissues that normally undergo extensive remodeling, such 
as wound tissue, and in response to various inflammatory 
conditions. In addition, MMPs are regulated by cytokines, 
growth factors, hormones, and cell-cell and cell-matrix 
interactions (67-70,201,202). In contrast, the expression of 
TIMPs is widespread in many tissues and is regulated in 
coordination with MMPs expression (67-70). TIMPs have 
growth factor-like activity in various cell types, alter 
angiogenesis and are associated with several other cellular 
activities (70,202). MMPs are produced as inactive 
proenzymes and require activation, achieved by various 
factors including serine proteases, such as plasmin, trypsin 
and neutrophil elastase (67-70,201,202). The temporal 
expression profiles for MMP-1, MMP-2, MMP-7, MMP-9, 
MT1-MMP, as well as TIMP-1, TIMP-2, and TIMP-3 
observed during the inflammatory, granulation, and early 
tissue remodeling phases of excisional skin repair indicated 
that their induction and peak expression coincided with the 
well -characterized inflammatory and granulation phases 
(203). The expression of MMP-2, MMP- 14, and TIMP-1 
mRNAs was increased in inflamed areas in ulcerated 
colonic mucosa, with substantial increases in MMP-1 and 
MMP-3 expression that correlated with the histological 
degree of acute inflammation (204). Studies of the temporal 
activity of MMP-2, MMP-3, MMP-7, and MMP-9 during 
normal dermal repair also revealed that MMP-2 is a major 
gelatinolytic MMP (205) that participates in physiological 
turnover of ECM, whereas MMP-9 is important in the early 
phase of ulceration and in the healing process (206). 
Furthermore, the cellular distribution of MMPs suggests 
that these enzymes may contribute to anastomotic 



dehiscence, but only in the immediate postoperative period 

(207) . 

TIMP-1 is not expressed in the epidermis, but is 
co-localized with MMP-9, and MMP-3 during the 
hyperproliferative phase at the mesenchymal/epi dermal 
border of granulation tissue. At the later phases of wound 
healing there is an increase in MMP-8 and MT1-MMP 
expression, and TIMPs are colocalized with MMPs in 
granulation tissue. At the completion of re-epithelial ization, 
the expression of MMPs and TIMP-1 in epidermal and 
dermal compartments declined to near-basal levels, 
whereas the macrophage-speciflc metalloelastase (MMP- 
12) reached maximum expression. Systemic glucocorticoid 
treatment, which results in impaired wound healing, led to 
a nearly complete shut-off of MMP-1 2 expression (67). 
Infected and chronic wounds have been associated with 
persistent elevation of MMP-9, and its detection in 
postoperative wound fluids is considered to be an early 
indicator of impaired healing and relates to the amount of 
collagen deposition later in the wound healing process 

(208) . Other studies have shown that MMP-2 is localized to 
the connective tissue fibroblasts and endothelial cells 
during all phases of wound healing. In contrast, mucosal 
epithelium is practically devoid of MMP-2, and only the 
basal cell layer expresses MMP-9 in the migrating 
epithelial cells, with strong expression in granulation tissue. 
Cytokines such as TGF-pl, IL-lp, bFGF, TNF-a, and IFN- 
y differentially regulate the expression of MMPs and 
TIMPs in various cells types; lLl-(5 and TNF-a enhance 
MMP expression (67-70,201,202). Human dermal wound 
healing has also been shown to be associated with age- 
related increases in MMP-2 and MMP-9, MMP-2 was 
found in association with epidermal structures, while 
MMP-9 was observed in inflammatory cells (210). MMP-8 
and MMP-13 were clearly reduced in the skin wound 
extracts of chemically modified tetracycline (CMT-8) 
treated rats compared to ovraictomized rats, suggesting that 
CMT-8 and estrogen have a beneficial effect on skin 
wound healing, possibly by increasing the collagen content 
and by reducing MMP-mediated collagenolysis (211). 

We have provided evidence that peritoneum and 
adhesion tissues express MMPs and TIMPs with TIMP-1 
levels significantly higher in fibrous adhesions than in the 
peritoneal serosal tissue (76,77). This increase in TIMP-1 
expression in fibrous adhesions paralleled the expression of 
TGF-pi and integrin (99,114). Under in vitro conditions, 
TGF-pi inhibits the expression of MMPs and increases 
TIMPs, decreasing matrix degradation and increasing tissue 
fibrosis (22,67). Studies using isolated peritoneal 
mesothelial cells and adhesion fibroblasts indicated that 
TGF-PI also increases the level of collagens, fibronectin 
and TIMP-1, while it reduces the expression of MMP-1 
mRNA by these cells (75,107,109,179). Mesothelial cells 
also express MMP-1, MMP-3, TIMP-1 and TIMP-2 mRNA 
and protein at various levels, with the expression TIMPs 
being quantitatively the highest (75,107,109,179). 
Treatment with TGF-pi resulted in a significant increase in 
the expression of TIMP-1, but not TIMP-2, mRNA in 
mesothelial cells, while down-regulating MMP-1 and 
MMP-3 (75). In contrast, TGF-pi 
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Figure 5. Schematic representation of events, and cytokines, growth factors, eicosanoids, proteases, adhesion molecules that 
regulate the excess migration and proliferation of fibroblasts that leads to peritoneal adhesion formation. 



increased the release of MMP-1 and TIMP-1 by 
mesothelial cells, but majority of MMP-1 was complexed 
with TIMP-1 (75). These data provide further evidence that 
proteolytic enzymes, whose expression is partly regulated 
by TGF-P and other cytokines, may influence ECM 
turnover and the incidence of adhesion formation (Figures 
4&5). 

The blocking of MMP activity has been studied 
for its potential therapeutic efficacy in controlling 
pathologic processes. Synthetic MMP inhibitors, most 
notably the hydroxymates, have been engineered for this 
purpose and are presently undergoing clinical trials. These 
inhibitors may have broad or specific MMP inhibitory 
activity. However, non-matrix degrading capabilities of 
MMP have also been recognized, and include cytokine 
activation, processing of proteins to molecules of distinct 
biologic function. Thus it is less clear whether nonselective 
inhibition of MMP activity for all pathologic processes 
involving MMP is appropriate (67,212). Treatment of 
wounds with tetracycline analogues that inhibit MMP-2, 
but not MMP-9 production, is reported to inhibit migration 
and growth of mucosal and skin keratinocytes and 
keratinocyte growth. TGF-P treatment increased 
keratinocyte migration as well as the cell-associated and 
secreted MMP-2 production with partial conversion into an 
active form. Batimastat totally blocked TGFP-induced 
keratinocyte migration (212). Another MMPs inhibitor, 
GM 6001 topically applied to the dermal wound did not 
influence the degree of dermal inflammatory cell infiltrate 
or epithelial proliferation, although it reduced re- 
epithelial izati on which was not due to interference with the 
inflammatory response or epithelial proliferation (212). In a 
comparative study of GM-6001 action in dermal and 
peritoneal wound healing and peritoneal adhesion 
formation, it has been found that MMP inhibitor has limited 



effect on the outcome of peritoneal healing and adhesion 
formation (213). In colonic anastomosis treatment with BB- 
1101, a synthetic broad-spectrum MMP inhibitor, increased 
anastomotic breaking strength without affecting collagen 
accumulation or infiltration of neutrophils in anastomotic 
area. The result indicates that alteration in MMPs 
expression during the critical early postoperative phase 
may increase the risk of anastomotic dehiscence (214). 

As illustrated these proteases and their inhibitors 
are key regulators of many phases of wound healing. Since 
they are expressed differently in peritoneal wounds and 
adhesion tissues, and tissue injury is often associated with 
altered expression of proteases, we proposed that tissues 
with a higher basal expression of these molecules are more 
predisposed to develop more adhesions compared to others. 

7. PROSPECTIVE 

Whether induced by infection, inflammation, 
ischaemia, and/or surgical injury, peritoneal adhesions are 
the leading cause of pelvic pain, bowel obstruction and 
infertility, and cause a substantial burden during 
reoperative procedures as well as increasing medical cost. 
It is also clear that while postsurgical peritoneal wounds 
heal without adhesions in some patients, others develop 
severe scarring from seemingly equal procedures; in 
addition in the same patient, adhesions can develop at one 
surgical site and not in another. The mechanisms 
underlying the predisposition to form adhesions as well as 
their site specificity are completely unknown. However, a 
large number of intraperitoneal surgical procedures are 
performed each day in the USA, and thus many patients are 
at risk of developing postoperative adhesions. Therefore, 
the understanding of adhesion formation at the molecular 
level is essential and in the absence of such information, 
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attempts to prevent patients from developing adhesions will 
remain an empirical process. 

The unprecedented advancement in molecular 
biology during the past decade has led to the identification 
of many biologically active molecules with the potential of 
regulating inflammatory and immune responses, 
angiogenesis and tissue remodeling, events that are central 
to normal wound healing as well as to tissue fibrosis 
associated with adhesion formation. The list of molecules 
that modify the wound healing process has also grown 
substantially, with increasing insight into their importance 
in the development of tissue fibrosis. However, their major 
roles in peritoneal biological functions and the adhesion 
formation remain speculative at best. Interestingly, there 
are common and overlapping biological functions among 
many growth factors, cytokines, chemokines and proteases 
that are evolved from the recruitment of multiple signaling 
molecules with similar downstream pathways. These 
molecules are also able to compensate for the function of a 
deleted gene product by using alternative pathways to 
trigger the full-scale activation of cellular response. Such 
functional pleiotropy and redundancy, a characteristic 
feature of many of these molecules, has been attributed to 
the molecular structure of their receptor and to the binding 
protein system. Elucidating how key regulatory molecules 
of the signaling pathways cooperate and interact, as well as 
factors involved in their downstream cascades, in peritoneal 
mesothelial cells and adhesion fibroblasts may allow the 
identification of molecules that are potentially vital in 
peritoneal repair, cellular invasion, and tissue fibrosis. This 
information could allow design and exploration of the use 
of specific modulators (inhibitor/stimulator) for their 
potential therapeutic applications in adhesion prevention 
and other disorders such as endometriosis and peritoneal 
cancers. For instance, several therapeutic interventions 
have been shown to be effective in modulating cellular 
behavior in disorders that could be potentially useful in 
modulating peritoneal wound healing and adhesion 
formation. These include synthetic inhibitors of cell 
invasion (marimastat, Neovastat, AG-3340), adhesion 
(Vitaxin), or proliferation (TNP-470, thalidomide, 
Combretastatin A-4). Compounds that interfere with 
angiogenic growth factors (IFN-ct, suramin, and analogues) 
or their receptors (SU6668, SU5416), as well as 
endogenous inhibitors of angiogenesis (endostatin, IL-12), 
are currently being evaluated in clinical trials for the 
treatment of a variety of disorders (215). Modification of 
cellular function through gene targeting is also a promising 
therapeutic modality. The incorporation of genetically 
modified peritoneal mesothelial cells might be useful in 
preserving the normal physiological function of peritoneum 
during peritoneal dialysis, and through the production of 
proteins with therapeutic property could safeguard the 
peritoneal membrane against injury. Such local genetic 
modification could also be applied to alter the behavior of a 
variety of pathological conditions affecting the peritoneum, 
including carcinomas, such as ovarian cancers 
mesotheliomas, and endometriosis. For instance, IP 
administration of antisense oligonucleotides, plasmids, and 
viral vectors that are been evaluated for their efficacy in 
cancer biology have a potential application in adhesion 



prevention. IP administration of Semliki Forest virus (SFV) 
particles encoding recombinant murine GM-CSF to alter 
recruitment and activation of inflammatory cells and 
ovarian tumor growth, revealed a high level of 
incorporation in peritoneal mesothelial cells (216). Due to 
the exclusive uptake of viral particles by mesothelial cells, 
ex vivo gene transfer into mesothelial cells isolated from 
the peritonea] membrane, genetically modified in vitro and 
subsequently re-implanted back onto the peritoneal cavity 
of syngeneic recipients for in vivo gene therapy. This use 
of genetically modified peritoneal mesothelial cells may be 
of therapeutic value in maintaining the fibrinolytic balance 
in the peritoneal cavity, altering peritoneal inflammation, 
angiogenesis, cell migration, and the development of 
peritoneal adhesions or peritoneal physiology to prevent 
membrane damage and to maintain dialyzing performance 
(217,218). Another therapeutic approach has been the IP 
delivery of recombinant therapeutic proteins from a 
universal microencapsulated cell line as an alternate 
method for gene therapy. This approach has proved 
effective for the treatment of several murine models of 
human genetic diseases. However, in scaling up to large 
animal models, IP implantations of microcapsules have 
been associated with an excessive inflammatory response 
and rapid degradation, although implantation at a surgical 
site induced less inflammation, and permitted longer-term 
survival of microcapsules. However, adhesions consist 
mainly of migrating fibroblasts and it appears that cell 
type-specific gene delivery is essential for in vivo gene 
therapy. Interestingly, retroviral vector particles derived 
from the spleen necrosis virus, which display the antigen- 
binding site of an antibody on the viral surface have been 
used to infect cells expressing a receptor recognized by 
such as antibody, an approach that can be applied using 
mesothelial cells (219). Mesothelial cells are easy to obtain 
and propagate from individual patients, and following their 
genetic manipulation to express therapeutic proteins at 
useful levels such cells appear to provide a tool with 
clinical potential based on ex vivo gene therapy (220). 

In recent years several biodegradable devices have 
been either marketed or are in clinical trials to prevent 
postoperative adhesion formation (Table 1). Although their 
addition to the field of adhesion preventative devices is 
welcomed, they appear to have either a limited or 
insignificant usefulness in the prevention of adhesion 
formation. In addition, the choice and utilization of these 
devices most often has been determined by their 
availability to the investigator, rather than on the basis of 
rigorous scientific investigation. Because these devices are 
of potential use for site-specific delivery of bioactive 
molecules, a clear understanding of their biocompatablity 
with the peritoneal environment as well the most effective 
forms (membrane, gel or liquid) to carry and appropriately 
release these molecules is required. 
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Table 1. Current Products and Devices to Reduce Adhesion Formation 



Product & Company 



Composition 



Indications 



Interceed J&J/Eithicon) 
Preclude (W. L. Gore) 
Seprafilm (Genzyme) 
Hydrogel (Biomatrix) 
Lubricoat (Lifecore Biomedical) 
Incert (Anika) 
Adcon P (Gliatech) 
Atrigel (Atrix) 
Repel (Life Medical) 
Focal gel (Focal) 
Atrigel (Atrix) 

Flogel (Alliance Pharmaceutical) 
BioElastics (Bioelastics Res. Ltd) 
Sepragel (Genzyme) 
Sepracoat (Genzyme) 
Interge) (Lifecore) 



Cellulose 
PTFE 

Hyaluronic acid (Genzyme) 



IT H M » »» )» » 



I »1 1» »» »1 M « 



Polysaccharide 

Polylactic acid-based polymers 

n »i yt »» »» 11 
n »i »i »» « >» 

Pluronics 
Elastin peptides 
HA 

» »» » »» « »i 

H »1 M J* *> V* 



Gynecological surgery 
Peritoneal reconstruction 
Gynecological & General surgery 
Preclinical 
IDE trials 

Preclinical (de nova adhesions) 

General surgery 

Preclinical (denova adhesion) 

IDE trail (Gyn/abd/pelvic surgeries) 

Gynecological surgery 

Preclinical 

IDE trials (Gyn & General surgeries) 
Preclinical 

IDE (Gyn & General surgery) 
Preclinical 

Preclinical 
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Background: Adhesion formation is a common cause of complications following surgery. A reduction in 
peritoneal fibrinolytic capacity during operation is a key mechanism in the early formation of adhesions. 
An increase in the main inhibitor of fibrinolysis, plasminogen activator inhibitor type 1 (PAI-1), is a 
major factor in the loss of fibrinolytic activity. The aim of this study was to investigate if inhibition of 
PAI-1 could reduce the formation of adhesions after surgery. 

Methods: Mice (n = 53) were subjected to a standard surgical procedure in order to induce adhesion 
formation to the abdominal side wall. At the conclusion of the operation, fragments for antigen binding 
of polyclonal rabbit antibody against PAI-1 (PRAP-1) were injected intraperitoneally, at two different 
concentrations. Control animals received an equal volume of the vehicle (saline). One week after 
operation adhesion formation was quantified. 

Results: Both doses of PRAP-1 significantly reduced adhesion formation compared with the saline 
control (P= 0-003 and P = 0-002). There were no signs of bleeding in the postoperative period or at 
reoperation. 

Conclusion: The present observations lend further support to the hypothesis of a pivotal role of 
fibrinolysis in the early formation of adhesions, and open up new possibilities for adhesion reduction by 
inhibiting PAI-1. 

Paper accepted 6 August 2000 British Journal of Surgery 2001, 88, 286-289 



Introduction 

Adhesion formation is an almost inevitable result of 
abdominal surgery, found in more than 90 per cent of 
patients who have undergone one or more abdominal 
operations 1 . Adhesions are the commonest cause of small 
bowel obstruction 2 and can lead to infertility in women 3 . 
The risk of inadvertent enterotomy is as high as 19 per cent 
in operations on patients who have previously had surgery 4 . 
This translates clinically into adhesion-related readmis- 
sions in a substantial proportion of patients 5 . 

The formation of adhesions after surgery seems to be 
determined by the balance of fibrin deposition and 
degradation in an early phase of peritoneal tissue repair. 
When two damaged peritoneal surfaces come into apposi- 
tion, fibrinous adhesions form between the surfaces. In the 
presence of sufficient fibrinolytic activity there is a 
resolution of the fibrin strands. However, if there is 
insufficient fibrinolytic activity, organization of the fibrin 



matrix and cellular and vascular ingrowth ensues, leading to 
fibrous bands between the structures 6 . 

Support for the role of local fibrinolytic capacity derives 
from animal experiments and observations in humans. 
Experimentally, decreased fibrinolytic activity correlated 
with adhesion formation in animals 7 . In humans, observa- 
tions during operation revealed that surgery elicited a rapid 
decline in peritoneal fibrin degradation capacity. This 
decline was caused partly by a reduced expression of the 
fibrinolytic stimulator, tissue-type plasminogen activator 
(tPA), and was partly due to an increase in the main 
inhibitor, plasminogen activator inhibitor type 1 (PAI-1) 8 ' 9 . 
* Moreover, patients who developed severe adhesions after 
surgery had significantly raised levels of peritoneal PAI-1 
compared with normal subjects 10 . 

Thus, the production and release of plasminogen 
activator inhibitors is believed to be a major factor in the 
loss of peritoneal fibrinolytic activity and inhibition of PAI- 
1 might therefore be beneficial. Until now, PAI-1 inhibition 
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has not been investigated for its potential to reduce 
adhesion formation. 

PRAP-1 is a fragment for antigen binding (Fab) of a PAI- 
1 -inhibiting polyclonal antibody. Inhibition of PAI-1 by 
PRAP-1 has been shown to significantly enhance fibrino- 
lysis 1 1 . The aim of this study was to test the hypothesis that 
inhibition of PAI-1 activity could reduce adhesion forma- 
tion after surgery. 

Materials and methods 

Animals 

Fifty-three female NMRI mice weighing 25-30 g were 
used. The experiments were approved by the local ethics 
committee and animals were kept according to standard 
guidelines. The animals were given a standard pellet diet 
and water ad libitum, before and after surgery. 

PRAP-1 

PRAP-1 (Fab fragments of polyclonal rabbit PAI-1 anti- 
body) was kindly provided by AstraZeneca Research and 
Development (Umea, Sweden). PRAP-1 had been prepared 
from rabbits immunized with recombinant human PAI-1 
produced in mammalian cells. The immunoglobulin (Ig) G 
fraction obtained was cleaved with papain. Fc fragments 
(the effector region) and uncleaved antibodies were 
removed by affinity chromatography on Protein A- 
Sepharose (Pharmacia Biotech, Uppsala, Sweden), and 
Fab fragments were concentrated by ultrafiltration. A Fab 
fragment of a control antibody IgG has been shown 
previously not to affect PAI-1 activity 12 . 

Surgical technique 

Mice were anaesthetized by inhalation of methoxyflurane 
(Metofane; Pitman Moore, Mundelein, Illinois, USA). The 
peritoneal cavity was accessed via a midline incision and a 
2X15 mm area of the parietal peritoneum on each lateral 
abdominal wall was excised. The peritoneal lesions were 
closed with four 4/0 sutures and the midline incision in one 
layer with a running 3/0 Dexon suture (Davies and Geek, St 
Louis, Missouri, USA). The procedure has been described 
further elsewhere 13 . 

Experimental design 

At the end of the operation, 0*75 ml of a saline solution 
containing PRAP- 1 1 5 mg/kg (n = 1 8) or 30 mg/kg (n = 1 7) 
or, as a control, saline solution only (n = 18) was adminis- 
tered intraperitoneal^ just before closure of the midline 
incision. 



Evaluation 

The presence of adhesions was assessed 7 days after 
operation. This has been demonstrated previously to be a 
suitable time point for this model 13 " 15 . The animals were 
given an overdose of isofiurane (Forene; Abbott 
Laboratories, Queensborough, England), and the abdomen 
was opened widely so that the peritoneal lesions created 
previously, and adherent structures, were exposed. The 
adhesion attachments were measured by an observer 
blinded to the previous treatment. The proportion of the 
peritoneal lesion they covered was calculated and expressed 
as a percentage of the original lesion. In addition, the 
number of attachments to different structures was noted. 
The method of measurement has been described in detail 
elsewhere 13 . 

Statistical analysis 

After determining an overall difference in adhesion forma- 
tion between groups with the Kruskal-Wallis test, the non- 
parametric Mann- Whitney U test was used to compare the 
groups. P<0-05 was considered statistically significant. 

Results 

All animals survived and all developed adhesions. There 
were no signs of bleeding in the postoperative period or at 
reoperation. There was a significant overall difference in 
adhesion formation between the groups (P = 0-002). The 
area of induced peritoneal injury was covered by adhesions 
to a median level of 64 (95 per cent confidence interval (c.i.) 
36-94, i.q.r. 23-3) per cent in control animals (Fig. 1). The 
group that received low-dose PRAP-1 had a significantly 
smaller area of adhesions (50 (95 per cent c.i. 18-76, i.q.r. 
20) per cent; P= 0-003). Similarly, the group that had high- 
dose PRAP-1 also had a reduction in adhesions (50 (95 per 
cent c.i. 12-76, i.q.r. 28-1) per cent; P = 0-002). 

Because adhesions affecting certain organs (e.g. small 
bowel, female genital tract) might be more important 
clinically than others, the distribution of adhesions in the 
peritoneal cavity was studied. There was no statistically 
significant difference in the rate of adhesion formation 
(P= 0-84 to omentum, P = 0-094 to bowel, P= 0-97 to other 
sites), even though the PRAP-1 -treated groups tended to 
have fewer attachments to bowel (Fig. 2). 

Discussion 

These results show that topical inhibition of PAI-1 can 
reduce postoperative adhesion formation. PRAP-1 has been 
shown to enhance fibrinolysis significandy both in vitro and 
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Fig. 1 Adhesion formation after surgery in mice treated with two 
different doses of PRAP-1 or saline control. Values are median 
(interquartile range) area of peritoneal injury covered by 
adhesions 
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Fig. 2 Number of adhesion attachments between the peritoneal 
lesion and other structures. Values are median (interquartile 
range). PRAP- 1 tended to reduce the number of attachments to 
bowel, but the results did not reach statistical significance 
CP =0-84 for omentum, P = 0-094 for bowel, P = 0 97 for other 
sites). Kruskal-Wallis test 



in vivo 1 1 . In rats, PRAP-1 decreased the occurrence of fibrin 
clots in the lungs, and reduced the thrombus size and 
restored blood flow in a model of arterial thrombosis 12,16 . It 
therefore seems reasonable to assume that the action of 
PRAP-1 in the peritoneal cavity was to enhance fibrinolysis. 

In the present study, the low dose of PRAP-1 given 
intraperitoneally at the conclusion of the operation reduced 



the formation of adhesions, but there was no significant 
increase in effect when the dose was doubled. A possible 
explanation for this is a rapid clearance from the abdominal 
cavity; PRAP-1 has been demonstrated to stimulate fibrin 
degradation in a dose-dependent manner 12 . Compounds 
instilled in the abdominal cavity are known to have a short 
duration of action if not administered in a slow-release 
form 17 . The concentrations used could have saturated the 
abdominal cavity, so that excess PRAP-1 was absorbed by 
the surrounding tissues. Delivering the antibody in a slow- 
release form could therefore be a way of increasing its 
efficacy. 

There are significant interspecies differences in the 
molecular sequence of PAI-1, which might also have 
affected the results. In this case a rabbit antibody against 
human PAI-1 was used in a mouse model. In previous 
studies PRAP-1 was approximately 25 times more potent in 
inhibiting human PAI-1 than rodent PAI-1 12 . Interspecies 
differences might explain the limited effect of PAI-1 in the 
mouse model. Although PRAP-1 significantly reduced 
adhesion formation, it did not alter the distribution of 
adhesions. 

A substantial part of the fibrinolytic reduction in 
conditions associated with adhesion formation (e.g. sur- 
gery, inflammation, severe adhesion formation) has been 
observed to be caused by peritoneal overexpression of PAI- 
l 9,10 . Theoretically, inhibition of PAI-1 is a more con- 
trollable and biological approach to increasing local 
fibrinolytic capacity. Because availability of tPA would then 
be a rate-limiting factor, local inhibition of PAI-1 might 
lessen the risk of bleeding complications. However, it 
cannot be ruled out that systemic absorption of PRAP-1 
could lead to bleeding. 

The present observations lend further support to the 
hypothesis of a pivotal role of fibrinolysis in the early 
formation of adhesions, and open up new possibilities for 
reducing adhesions by inhibiting PAI- 1 . 
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Matrix metalloproteinases in repair 
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During repair, many different matrix metalloproteinases are produced by multiple cell types residing in various compart- 
ments within the wound environment. This diversity of enzymes, coupled with discreet cellular expression, implies that 
different matrix metalloproteinases serve different functions, acting on a variety of substrates, during wound healing. 
With few exceptions, however, the actual function and spectrum of functions of matrix metalloproteinases in vivo is not 
known. Even with the advent of genetically defined animal models, few studies have rigorously addressed the sub- 
strates and role of matrix metalloproteinases in wound repair. Before we can understand the role of matrix metallopro- 
teinases in ulceration and disease, we need to determine the function these enzymes serve in normal tissues and repair. 
(WOUND REP REG 1999;7:423-432) 



The matrix metalloproteinases (MMPs) comprise a 
family of enzymes which share several common prop- 
erties. 1 MMPs, or matrixins, are a subgroup of the 
much larger metalloproteinase superfamily, which 
also includes astacin and ADAM proteinases, among 
others. To date, greater than 20 different MMPs have 
been characterized, and additional members continue 
to be identified. To be classified as a matrix metallo- 
proteinase, a protein must have the following five 
features. First, as for all metalloproteinases, its cat- 
alytic mechanism must require an active site Zn 2+ 
that binds a conserved histidine-containing domain, 
HEXXHXXGXXH. Second, its prodomain should be 
about 80 amino acids and contain the consensus se- 
quence PRCXXPD. In an inactive state, the conserved 
cysteine residue in the prodomain provides the fourth 
coordination site for the catalytic zinc ion. Third, a 
putative MMP must be synthesized as inactive zy- 
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mogen. Most MMPs are secreted or, as for the mem- 
brane-type MMPs (MT-MMP), are integrated in 
membranes in an inactive state. Fourth, a would-be 
MMP must be able to degrade or cleave at least one 
extracellular matrix (ECM) protein. Actually, most 
MMPs can degrade several matrix proteins. Finally, 
its proteolytic activity should be inhibited to some 
degree by tissue inhibitors of metalloproteinases 
(TIMPs), of which there are currently four. Detailed 
information of the MMP family and individual mem- 
bers can be found in recent books and reviews. 2 " 5 

Typically MMPs are not expressed in normal, 
healthy, resting tissues, at least their production and 
activity, with notable exceptions, are maintained at 
nearly undetectable levels. In contrast, some level of 
MMP expression is seen in any repair or remodeling 
process, in any diseased or inflamed tissue, and in es- 
sentially any cell type grown in culture. Although the 
qualitative pattern and quantitative levels of MMPs 
varies among tissues, diseases, tumors, inflammatory 
conditions, and cell lines, a reasonably safe gener- 
alization is that activated cells express MMPs. This is 
neither a controversial or surprising conclusion. After 
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Table 1. Distribution of matrix metalloproteinases among cell types during repair of cutaneous wounds 



Cell type 



Enzyme 


MMP number 


Keratinocytes 


Dermal cells 


Inflammatory cells 


Collagenase-1 


MMP-1 


+ 


+ 


+ 


Collagenase-2 


MMP-8 






+ 


Collagenase-3 


MMP- 13 




+ 




Stromelysin-1 


MMP-3 


+ 


+ 




Stromelysin-2 


MMP- 10 


+ 






Gelatinase-A 


MMP-2 




+ 




Gelatinase-B 


MMP-9 


+ 




+ 


Matrilysin 


MMP-7 








Macrophage metalloelastase 


MMP- 12 




C 


+ 


MT1-MMP 


MMP- 14 







all, matrix is remodeled in situations associated with 
disease or tissue activation, such as inflammation, 
cancer, and normal resorption and repair, and MMPs 
participate in matrix turnover, or at least we think 
they do. In this review, I shall focus on the potential 
and documented functions of MMPs in repair of cu- 
taneous wounds. As essentially all known MMPs are 
expressed by several different cell types at some time 
during wound repair (Table 1), this is an appropriate 
model to study and discuss proteinase biology. 

Before we can understand the function of MMPs, 
we need to know where, when, and by which cells 
these proteinases are produced. By knowing the tem- 
poral and spatial patterns of MMP expression, we can 
then formulate cogent hypotheses to address how 
these enzymes function in precise tissue compart- 
ments at distinct stages of repair. Even with this im- 
portant information, understanding the role of a 
specific proteinase is not straightforward for two main 
reasons. First, as stated, most, if not all, MMPs are ex- 
pressed in response to injury, thus potentially con- 
founding deciphering the role of any specific enzyme. 
Second, and more important, the actual in vivo func- 
tion and scope of functions of a given MMP are not 
known. I elaborate upon these two points below. 

MANY SUBSTRATES, MANY MMPS 

ECM is composed of several different proteins pro- 
viding multiple functions. Some proteins, such as elas- 
tin and many collagen types, are deposited as large, 
insoluble, protease-resistant fibers and confer 
strength and resiliency to tissues. Several different 
matrix glycoproteins, such as laminins, fibronectin, 
thrombospondins, fibrillins, entactin, and many oth- 
ers, form aggregates of varying degrees of complexity, 



providing a substratum for cell adhesion, and are 
important for numerous protein-protein interactions. 
Proteoglycans, in which the mass of carbohydrate ex- 
ceeds the mass of protein, function in tissue hydra- 
tion. In addition, extracellular molecules can be 
organized into specialized structures, such as liga- 
ments, bone, and basement membrane, the matrix 
upon which epithelia and endothelial cells reside. Es- 
sentially all matrix proteins have some role in affect- 
ing cell phenotype and behavior, and relevant to this 
review, all can be degraded by MMPs. 

Although each MMP is often described as having 
a specific substrate specificity, individual enzymes 
can act on many different proteins. In addition, and 
more important, the spectrum of substrates among 
enzymes is actually quite similar. For example, ge- 
latinase-A (MMP-2), gelatinase-B (MMP-9), stromel- 
ysin-1 (MMP-3), stromelysin-2 (MMP-10), matrilysin 
(MMP-7), macrophage metalloelastase (MMP-12), 
and collagenase-3 (MMP-13) can each degrade many 
of the same matrix substrates, such as denatured 
and native nonfibrillar collagens, elastin, basement 
membrane components, fibrillins, fibronectin, and 
more. Distinct from other MMPs, collagenase-1 
(MMP-1) and collagenase-2 (MMP-8, neutrophil col- 
lagenase) seem to have a very defined substrate 
spectrum, being limited to the fibrillar collagens, 
types I, II, and III. In addition, collagenase-1 and 
-2 do not degrade collagen, but rather make a single, 
site-specific cleavage within the triple helix of these 
abundant matrix components. 6 Once cleaved, the 
triple helix of collagen fibrils relaxes at body tem- 
perature, and the partially unwound fibril becomes 
susceptible to further proteolysis by a variety of 
other MMPs and proteinases of other families. Aside 
from the collagenases, however, the substrates that 
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overlap among MMPs is more impressive than the 
list of selective substrates. 

In a setting like a repairing wound, in which es- 
sentially all MMPs are present, the shared substrate 
specificity among enzymes would permit biochemical 
redundancy. However, substrate selectivity can be 
honed by two processes: enzyme affinity and com- 
partmentalization. Kinetic studies have shown that 
specific enzymes degrade some substrates more ef- 
ficiently than others. For example, the gelatinases 
(MMP-2, MMP-9) act on cleaved collagen better than 
other MMPs; 7 matrilysin (MMP-7) is a more potent 
proteoglycans e than is stromelysin-1 (MMP-3) or ge- 
latinase-B (MMP-9); 8 macrophage metalloelastase 
(MMP-12) is the most elastolytic enzyme of the MMP 
family; 9 and as stated, only the collagenases (MMP-1, 
-8, and -13) can cleave native fibrillar collagens. Thus, 



in a complex tissue environment in which many types 
and forms of matrix proteins are present, selectivity 
of MMP catalysis may be directed, in part, by the con- 
centration of a preferred substrate relative to that of 
other potential substrates deposited within the range 
of a secreted MMP. 

COMPARTMENTALIZA TION: PUT THE 
PROTEASE WHERE IT IS NEEDED 

MMPs are not actively expressed in uninjured skin, 
either in the epidermis or dermis (Figure 1). Gelati- 
nase-A (MMP-2) may be an exception to this rule. 
Though its mRNA is not detectable in normal skin, 10 ' 11 
the enzyme protein is detected by zymographic anal- 
ysis. 12 Such observations have led to the idea that 
gelatinase-A is stored in the matrix awaiting activa- 
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Figure 1. Compartmentalization of MMP 
expression in the epidermis and dermis 
during wound healing. In uninjured, 
healthy skin, expression of MMPs is not 
detected. (An exception is the active 
production of matrilysin in skin glands.) 
Low levels of gelatinase-A protein can 
be extracted from skin, but its mRNA is 
at undetectable levels. In response to 
injury, several MMPs are expressed by de- 
fined celis in specific locations. Collage- 
nase-1, stromelysin-2, and gelatinase-B 
are invariably expressed by migrating 
basal kerdtinocytes which have moved 
off of the basement membrane (black 
line). Stromelysin-2 is also expressed in the 
epidermis but by a functionally distinct 
population of basal keratinocytes. In the 
dermis, mesenchymal and inflammatory 
cells produce mostly distinct spectra of 
MMPs. At the completion of re-epithe- 
lialization, MMP expression is turned off. 
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tion by migrating cells. 13,14 Another exception is 
matrilysin (MMP-7), which is actively expressed by 
the ductal epithelium in all sweat and eccrine 
glands; 15 however, this enzyme does not seem to have 
a role in repair of cutaneous wounds (Table 1). Aside 
from these two exceptions, the MMPs that are prom- 
inently expressed in injured skin are not present, at 
least to any significant level, in normal skin. 

By which cells and where in the tissue envi- 
ronment an MMP is expressed and released are 
equally, if not more important considerations when 
predicting the target of proteolysis than is the affinity 
of enzyme-substrate interactions. After all, cells do 
not release proteases indiscriminately, especially en- 
zymes like collagenases with such a defined substrate 
specificity, but rather they rely on precise cell : matrix 
interactions to accurately remodel connective tissue 
in the pericellular space. In addition, cell-matrix con- 
tacts can provide an unambiguous signal informing 
the cell which matrix protein it has encountered and, 
hence, which proteinase is needed and where it should 
be delivered and released. For example, in human 
wounds, collagenase-1 is induced in basal kerati- 
nocytes as the cells move off of the basement mem- 
brane and contact type I collagen in the underlying 
dermis (Figure I). 16 This response is specifically con- 
trolled by the collagen-binding integrin ot^P, 17 which 
also directs secretion of collagenase-1 to the points of 
cell-matrix contact (unpublished data). Furthermore, 
only basal keratinocytes in contact with dermal type 
I collagen at the migrating front express collagenase- 
1. Cells migrating across an intact basement mem- 
brane, as seen in some forms of blisters, do not express 
collagenase-1. 16 ' 18 Expression of collagenase-1 is rap- 



idly turned off once re-epithelialization is complete 
and the basement membrane begins to reform. 19 This 
example demonstrates that expression and activity of 
a specific MMP can be confined to a specific location 
in the wound (the superficial plane of the open wound 
bed) and to a specific stage of repair (re-epithelial- 
ization). As discussed below, collagenase-1 predictably 
has a role in cell migration. 

EPIDERMAL MMPS 

Similar to collagenase-1, stromelysin-2 and gelati- 
nase-B are also expressed by basal keratinocytes at 
the wound edge (Figure i). 11 * 20 ' 21 Although contact 
with dermal type I collagen induces collagenase-1, the 
signals controlling the site-specific release of stromel- 
ysin-2 and gelatinase-B have not been identified. 
Stromelysin-1 (MMP-3) is also produced by basal ke- 
ratinocytes but by a functionally distinct subpopula- 
tion of cells. 20 Whereas collagenase-1, stromelysin-2, 
and gelatinase-B are released by cells at the forward 
edge of migration, stromelysin-1 is expressed by kera- 
tinocytes just behind this group in a hyperproliferative 
population of basal keratinocytes (Figure 1). 

Although the location of stromelysin-1, stromel- 
ysin-2, and gelatinase-B in the wounded epidermis 
imply that these MMPs function in proliferation and 
migration, the role of these enzymes have not yet been 
determined. Complicating this issue is that stromel- 
ysin-1 and gelatinase-B deficient mice do not show a 
noticeable delay or change in wound closure, 22 " 24 
though these mice reveal many other phenotypes 
when challenged (Table 2). Forced over-expression of 
stromelysin-1 in mammary epithelial cells mediates a 



Table 2. Phenotype of MMP knockout mice 



Phenotype 



gene 



Lethal 



Unchallenged mice (ref) 



Wounding and other related models (ref) 



Stromelysin-1 

Gelatinase-A 
Gelatinase-B 

Matrilysin 



Macrophage 
metalloelastase 



MT1-MMP 



No 

No 
No 

No 
No 

Yes 



None 22 
None 57 

Transient slowing of long bone 
growth secondary to reduced 
angiogenesis 51 

Lack of activated 
antimicrobial peptides 52 

None 39 



Severe skeletal 
abnormalities 50 



Impaired wound contraction 23,24 

Reduced contact hypersensitivity response 56 

Accelerated arthritis 22 

Reduction in angiogenesis and tumor growth 58 

Normal neutrophil extravasation 59 
Resistant to induced blister formation 59 
Persistent contact hypersensitivity response 56 
Reduced metastasis 60 

Inability to repair mucosal epithelial wounds 55 
Reduced ability to kill pathogenic bacteria 52 
Reduced tumorigenesis 61 

Reduced elasto lytic capacity of macrophages 39 
Reduced ability of macrophages to migrate through 
matrix 39 

Protection against smoking-induced emphysema 62 
Not yet assessed 
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transition to a migratory phenotype, possibly by cleav- 
ing the ectodomain of E-cadherin in desmosomes. 25 Al- 
though desmosomes are dissembled in keratinocytes 
at the wound edge, this process, which is necessary for 
efficient migration, does not correlate spatially with 
the expression of stromelysin-1, but it does with that 
for stromelysin-2 (Figure 1). Interestingly, stromel- 
ysin-2 is also produced by mucosal cells at the edge of 
gut and lung injuries. 26 Hence, this MMP is produced 
by migrating cells in diverse forms of epithelia and, 
because it has been hardly seen elsewhere in human 
tissue, stromelysin-2 may be an injury-specific pro- 
tease. As it can degrade the same proteins as does 
stromelysin-1, stromelysin-2 may be involved in des- 
mosome disassembly during migration, but more spe- 
cific models will be needed to test this idea. 

DERMAL MMPS 

In the underlying wound bed, a variety of MMPs are 
expressed by resident and infiltrating cells. Fibro- 
blasts, myofibroblasts, endothelial cells, and perivas- 
cular cells throughout the wound bed express 
gelatinase-A, MT1-MMP, stromelysin-1, collagenase- 
1, and collagenase-3 during all stages of repair 10,11 ' 27,28 
(Table 1 and Figure 1). Infiltrating cells, particularly 
neutrophils and macrophages, contribute MMPs, as 
well. Neutrophils store and release collagenase-2 
(MMP-8) and large quantities of gelatinase-B, but 
these cells lack the capacity to produce more enzyme 
in the tissue space. 29,30 In fact, it is likely that most of 
the gelatinase-B detected in wound fluid, which is one 
of the more prominent proteinases in this compart- 
ment, 31 is derived from neutrophils. Although mac- 
rophages can express a variety of MMPs, 32 they seem 
to produce a limited number of these enzymes in cu- 
taneous wounds. In addition, the enzymes expressed 
by macrophages differ at distinct stages of repair. 
Early in wound repair, they produce collagenase-1, but 
at later stages, several days after re-epithelialization 
is complete, they begin to express macrophage metal- 
loelastase (MMP-12). 28 ' 33 Thus, a variety of MMPs are 
produced by different cells in different locations at dif- 
ferent times. 

FUNCTION OF MMPS IN REPAIR 

Based on the discussion above, it follows that the 
distinct spatial and temporal patterns of MMPs in 
wounds indicate that different MMPs serve distinct 
functions during repair. In addition, enzymes that are 
present in both the epidermis and dermis, like col- 
lagenase-1 (Figure 1), likely serve different functions 



in different compartments. As stated, the actual sub- 
strate and, consequently, the function of most MMPs 
is not known, and as such, the function of metal- 
loproteinases is usually more presumed than proved. 
These enzymes are called matrix metalloproteinases 
because they can degrade matrix molecules. This des- 
ignation arose largely from numerous studies showing 
that purified matrix proteins are degraded by pu- 
rified, activated MMPs when combined under optimal 
conditions, but few examples exist documenting that 
matrix degradation in a tissue environment is caused 
directly by the catalytic activity of a metallopro- 
teinase. The ability of MMPs to act on matrix proteins 
does not preclude activities beyond connective tissue 
turnover or destruction. 

Most studies provide correlative or associative 
data, though often quite convincing of a role in matrix 
turnover, yet stop short of providing a firm and direct 
causative link between MMP activity and protein deg- 
radation. For example, over expression of stromelysin- 
1 in breast epithelium leads to selective degradation 
of entactin/nidogen in the basement membrane, which 
is rescued by expression of TIMP-1, 34 and macrophage 
metalloelastase is required for macrophage-mediated 
elastolysis and tissue damage (Table 2). Although 
these elegant studies relied on defined genetic ap- 
proaches and represent state-of-the-art work in pro- 
teinase biology, the findings do not prove that the 
MMP in question acts directly on the targeted matrix 
protein or if matrix degradation is mediated via an an- 
other enzyme whose activity is dependent on the met- 
alloproteinase. The concerns raised here are not 
meant to diminish the findings contributed by any 
group, but rather are meant to underscore the dif- 
ficulty in determining the precise mechanistic func- 
tion of a metalloproteinase in a complex environment. 

Because of the restricted substrate specificity of 
collagenase-1 and collagenase-2, the presence of these 
enzymes likely do indicate that fibrillar collagen is be- 
ing cleaved. Indeed, excess collagen is evident in tis- 
sues of mice that produce collagenase-resistant type I 
collagen, 35 and a neoepitope revealed by collagenase 
cleavage of type II collagen is evident in osteoarthritic 
cartilage. 36 These studies, in addition to others, show 
that some MMPs, at least collagenases, do act on ma- 
trix substrates in vivo. However, the mere presence of 
an MMP in a tissue sample, either normal, inflamed, 
or diseased, has led investigators to assume that the 
proteinases identified are involved in remodeling the 
local extracellular matrix. Because most MMPs can 
degrade a wide range of structurally diverse con- 
nective tissue molecules, it is likely that this class of 
proteinases can act on many proteins. Thus, as we con- 
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sider the potential functions and consequences of met- 
alloproteinase activity in wound repair, we would 
should not limit our thinking to matrix degradation. 

COLLAGENASE-1 AND MIGRATION 

Of the many MMPs expressed throughout wounds, the 
function of collagenase-1 in the migrating epidermis 
is the best understood, and this function requires the 
ability of this proteinase to act on matrix. The invari- 
able expression of collagenase-1 by basal keratinocytes 
in all forms of wounds and the confinement of its ex- 
pression to periods of active re-epithelialization indi- 
cates that this enzyme participates in cell migration. 
Beyond directly remodeling structural proteins, such 
as during morphogenesis and tissue resorption, MMPs 
are thought to breakdown matrix barriers that impede 
cell migration. Clearly, this is a reasonable role for 
these proteinases in facilitating cell movement 
through a three-dimensional matrix, as is seen during 
blastocyst invasion, 37 angiogenesis, 38 and extravasa- 
tion and infiltration of inflammatory cells. 39 During 
normal re-epithelialization, however, keratinocytes 
migrate along a path of least resistance, dissecting un- 
derneath the scab while remaining superficial to the 
underlying viable dermis and wound bed. 40 Thus, epi- 
dermal repair involves cell migration in a two-dimen- 
sional plane rather than through a three-dimensional 
matrix-rich environment. Findings from our group in- 
dicate that collagenase-1 is a component of a molecular 
machine that drives and orients keratinocyte migra- 
tion. 17 Other key components of this machine are na- 
tive type I collagen in the dermis and the integrin o^Pi 
on keratinocytes. 

The requirement of collagenase-1 for keratinocyte 
movement was documented in various migration as- 
says. In all assays, keratinocyte migration on native 
collagen was completely blocked by treatment with a 
broad-acting peptide hydroxamate inhibitor. This 
compound, similar to many MMP inhibitors, is a sub- 
strate-based inhibitor containing a hydroxamic acid 
moiety which chelates the active site zinc cation and 
renders MMPs catalytically inactive. 41 Because these 
early generation hydroxamate compounds inhibit all 
MMPs and because keratinocytes express other 
MMPs (Figure 1), these experiments do not show that 
the activity of collagenase-1 is required for kera- 
tinocyte migration on collagen. However, kerati- 
nocytes plated on collagenase-resistant mutant 
collagen do not migrate, yet the cells express col- 
lagenase-1 and adhere equally to those on wild-type 
collagen. 17 This collagen matrix was isolated from 



mice in which a double mutation was inserted by ho- 
mologous recombination in the region of the colla- 
genase cleavage site of the otl(I) chain. 35,42 

Because all three human collagenases can make 
the same cleavage in type I collagen, the experiment 
with the mutant substrate did not show that col- 
lagenase-1 is specifically required for keratinocyte mi- 
gration on a collagen matrix. Reagents that selectively 
block the activity of collagenase-1 verified that this 
MMP alone is necessary and sufficient for kerati- 
nocyte migration on a collagen-containing matrix. Ke- 
ratinocyte migration is completely inhibited by 
affinity-purified anticollagenase-1 antibodies, which 
block the enzyme's catalytic activity. 17 Furthermore, 
treatment with a newer generation hydroxymate com- 
pound, which inhibits all MMPs except collagenase-1 , 
does not affect keratinocyte migration (unpublished 
observations). Together, these data show that the pro- 
teolytic activity of collagenase-1, and not that of any 
other MMP, is required for keratinocyte migration on 
native type I collagen. 

COLLAGENASE- 7 FACILITATES CELL 
DIRECTIONALITY 

Based on the above observations, we proposed that 
collagenase-1 acting on its principal substrate in the 
dermis, type I collagen, provides migrating kera- 
tinocytes with a mechanism to maintain their course 
and directionality in the wound environment during 
re-epithelialization. Basal keratinocytes constitu- 
tively express the type I collagen-binding integrin 
a 2 Pj on their basolateral surfaces. In wounds, ct^ 
becomes concentrated at the forward-basal tip of mi- 
grating keratinocyte. 43-45 This redistribution, which 
is likely regulated by an initial contact with dermal 
collagen, places a 2 P] in intimate contact with dermal 
type I collagen (Figure 2). Contact with collagen in- 
duces collagenase-1, and this expression is mediated 
by aA 17 

Because a 2 p, binds native collagen with high af- 
finity, 46 clustering this integrin at contact points 
would tether keratinocytes to the dermis rendering 
them unable to migrate. Collagenase-1 aids in dis- 
sociating keratinocytes from these high affinity at- 
tachments by altering the nature of the collagen 
matrix and, in turn, its affinity with <x 2 $i- As stated, 
collagenase-1 makes a single, site-specific cleavage 
through the triple helix about 3/4 the length from the 
N-terminus. The resultant TC A and TC B fragments 
are thermally unstable at body temperature and spon- 
taneously unwind into gelatin, 6 which binds o^Pi with 
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Figure 2 Collagenase-1 -dependent ke- 
ratinocyte migration during epidermal 
wound repair. After wounding, basal ke- 
ratinocytes dislodge from the basement 
membrane and contact dermal type I 
collagen. The collagen-binding integrin 
a 2 Pi ([]) accumulates at the frontobasal 
surface of migrating keratinocytes. a 2 Pj 
binds dermal collagen with high affinity 
and this interaction induces collage- 
nase-1 expression. High affinity binding to 
collagen hinders cell motility. Cleavage 
of type I collagen by collagenase-1 , and 
its subsequent conversion to gelatin, 
loosens the a 2 pj integrins hold with the 
matrix, thereby allowing the kerati- 
nocytes to migrate. The high-affinity in- 
teraction of a 2 Pj with dermal collagen, 
but not with gelatin, provides the migrat- 
ing cells with a mechanism to control 
their direction and to remain superficial 
during re-epithelialization. 



a much lower affinity than does native collagen. 
Thus, by simply making a single cut through the type 
I collagen helix, collagenase-1 effectively mediates the 
loosening of the tight contacts keratinocytes establish 
with the dermal matrix, thereby allowing the cells to 
move forward. This function is distinct from the often 
suggested idea that migrating cells use MMPs to re- 
move matrix barriers that may physically impede 
movement. 

Although collagenase-1 facilitates keratinocyte 
migration by affecting the conformation of type I col- 
lagen and, consequently, the avidity with which cells 
interact with it, one may argue that this is an in- 
herently inefficient mechanism. If activated kerat- 
inocytes migrate over the viable dermis, rather than 
through matrix, then why do they need to cleave type 
I collagen? Why would they adhere to the dermis with 
such high affinity if their objective is to close the 
wound as quickly as possible? The answer, we believe, 
is that the process of interacting with and then cleav- 
ing type I collagen provides keratinocytes with a 
mechanism to determine and maintain their direc- 
tionality during re-epithelialization. Because ct 2 Pi 
binds native collagen much more tightly than it binds 
gelatin, this integrin, once loosened by the action of 
collagenase-1, would favor re-establishment of high 
affinity interactions with native, uncleaved collagen. 
Thus, by repeatedly establishing tight contacts, then 
rapidly loosening this hold by the action of colla- 
genase-1, keratinocytes use native type I collagen as 



a "molecular compass" guiding repair over the open 
wound surface. 

An important observation relevant to the di- 
rectionality hypothesis is that collagenase-1 pro- 
duction is induced in keratinocytes by native type I 
collagen but not by denatured forms of the mole- 
cule. 47,48 Thus, collagenase-1 acting on collagen cre- 
ates a mediator that does not support or maintain its 
own production. The conversion of collagen to gelatin 
would replace the inductive stimulus with a neutral 
substrate (gelatin) and, in stationary cells, collage- 
nase-1 expression would decline. Indeed, collagenase- 
1 expression is rapidly turned off at the completion of 
re-epithelialization. 19 The initial expression of col- 
lagenase-1 and cleavage of the collagen substrate 
would, in effect, neutralize the inductive effect of the 
underlying matrix. If keratinocytes continue to in- 
teract with type I collagen, presumably by migrating, 
then they would continue to express collagenase-1, 
which they do throughout re-epithelialization. 

LESSONS FROM KNOCK-OUTS 

To date, six MMPs have been knocked out in mice by 
targeted mutagenesis (Table 2). With the exception 
of MTl-MMP-deficient mice, no other MMP knock 
outs show an overt phenotype related to connective 
tissue production or turnover in the unchallenged an- 
imal. This lack of matrix phenotype may indicate bio- 
chemical redundancy among MMPs; remove one, and 
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the others fill in. Indeed, stromelysin-1 is over- 
expressed in the uterus of matrilysin-deficient mice, 
and matrilysin is over-expressed in stromelysin-1 - 
deficient mice. 49 However, in the mouse uterus, 
matrilysin is expressed by the epithelium and 
stromelysin-1 is produced by interstitial cells, and 
thus, it is not clear how over-expression of an enzyme 
in one compartment can compensate for the activity 
of another proteinase in a separate, distant area. Al- 
ternatively, the lack of a matrix phenotype may indi- 
cate that other classes of proteinases are responsible 
for matrix turnover or that the MMPs involved in 
normal matrix remodeling have not yet been knocked 
out. Thus, it was comforting to see the recent data 
on the MTl-MMP-null mouse, which has a marked 
defect in its ability to turnover collagen. 50 

Most MMP-null mice show no or only a minor phe- 
notype in the unchallenged animal (Table 2). Ge- 
latinase-B-deficient mice show a postnatal delay in 
long bone growth, but this defect is transient with no 
lingering phenotype in the mature animal. 51 Matril- 
ysin-deficient mice do not activate intestinal anti- 
microbial peptides, but unchallenged mice, which are 
housed in pristine barrier facilities, are not sus- 
ceptible to bacterial infections. 52 In contrast, MMP 
knock out mice show several phenotypes in models of 
injury, infection, inflammation, and induced tum- 
origenesis (Table 2); however, few defects or changes 
in cutaneous wound repair have been noted. A notable 
exception are stromelysin-1 -deficient mice in which 
wound contraction is impaired. 23,24 Although the 
mechanism of how stromelysin-1 functions in con- 
traction is not known, this phenotype is consistent 
with the expression of this MMP by dermal fibroblasts 
in a variety of wounds. 11,20 ' 28,53 Re-epithelialization of 
skin wounds is not impaired in stromelysin-1 and ge- 
latinase-B-deficient mice, even though these MMPs 
are expressed by wound edge keratinocytes (Figure 1). 

Matrilysin-deficient mice have shown the most 
severe wound-repair defect among MMP knock out 
mice. Unlike most MMPs, matrilysin (MMP-7) is not 
found in cutaneous wounds (Table 1), but it is ex- 
pressed by migrating epithelial cells in wounds and 
ulcerations of mucosal tissues, such as lung and in- 
testine. 54,55 Showing an essential role for matrilysin 
in mucosal repair, airway 55 or colonic (unpublished 
data) epithelial wounds do not repair in MMP-7-null 
mice. Even several days after injury, the epithelium 
at the wound edge shows no sign of migration; how- 
ever, the role of matrilysin in cell movement is not 
known. The pattern of matrilysin expression in mu- 
cosal wounds parallels that of collagenase-1 in cuta- 
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neous wounds, and collagenase-1 is not produced by 
mucosal epithelium in vivo. 54 ' 55 In addition to the 
programmed responses of differentiated cells, the 
composition of the underlying interstitial matrix may 
dictate the pattern of MMP expression between skin 
and mucosa. Thus, whereas collagenase-1 facilitates 
migration of keratinocytes over the collagen-rich ma- 
trix of dermis, matrilysin would be a more appropriate 
proteinase to remodel matrix components of the lam- 
ina propria, which include elastin, adhesive glycopro- 
teins, and proteoglycans. The basally directed 
secretion of matrilysin during migration 55 supports 
the idea that this epithelial MMP acts on matrix pro- 
teins during repair. 

CONCLUSION 

In this article, I have focused the discussion on the 
role and pattern of MMPs in normally healing 
wounds. However, several studies have shown that 
excessive levels of many MMPs are present in ulcer- 
ations and in chronically inflamed tissues throughout 
the body. These observations have led to oft held con- 
cept that excessive proteolysis damages tissues and 
impairs healing. Indeed, unregulated, excessive pro- 
teolysis must be responsible for the destruction of 
matrix proteins in arthritis, aneurysms, and other 
conditions of structural tissues, but not all proteinases 
expressed in diseased tissue necessarily contribute to 
disease pathogenesis. For example, matrilysin is 
markedly over-expressed in lungs of patients with 
cystic fibrosis, 55 a severe disease characterized by mu- 
cosal injury, interstitial fibrosis, inflammation, and 
infection. Because matrilysin can vigorously degrade 
all sorts of matrix proteins, it may contribute to lung 
damage. Based on the mechanisms uncovered in 
matrilysin-null mice, 52 ' 55 over-expression of this MMP 
may reflect its beneficial roles in epithelial cell mi- 
gration and in mucosal defense against bacteria. Be- 
cause MMPs can both break down matrix and process 
secreted precursor proteins, we cannot conclude by 
its presence alone if a specific proteinase in an in- 
flammatory or injury setting is contributing to a re- 
parative or disease process. 
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Retarded wound healing was found in mice deficient 
in the serine protease precursor plasminogen, as well 
as in wild-type mice treated with the metalloprotease 
inhibitor galardin, but in both cases wound closure 
was ultimately completed in all mice within 60 days. 
The expression of several matrix metalloproteases in 
keratinocytes migrating to cover the wound was 
strongly enhanced by galardin treatment. However, 
when plasminogen-deficient mice were treated with 
galardin, healing was completely arrested and wound 
closure was not seen during an observation period 
of 100 days, demonstrating that protease activity is 
essentia] for skin wound healing. The requirement 
for both plasminogen deficiency and metalloprotease 
inhibition for complete inhibition of the healing process 
indicates that there is a functional overlap between the 
two classes of matrix-degrading proteases, probably in 
the dissection of the fibrin-rich provisional matrix by 
migrating keratinocytes. Each class alone is capable 
of maintaining sufficient keratinocyte migration to 
regenerate the epidermal surface, although this func- 
tion would normally be performed by both classes 
acting in parallel. Since there are strong similarities 
between the proteolytic mechanisms in wound healing 
and cancer invasion, these results predict that complete 
arrest of this latter process in therapeutic settings will 
require the use of inhibitors of both classes of proteases. 
Keywords', keratinocytes/metalloprotease/plasminogen/ 
serine protease/wound healing 



Introduction 

Wound healing is a tissue remodeling process in which 
the injured tissue is removed and substituted with normal 
tissue. Proteolytic degradation of the extracellular matrix is 
considered to play a crucial role in this process (Grondahl- 



Hansen et al., 1988; Werb, 1997) as well as in a variety of 
other physiological and pathological processes involving 
tissue remodeling and cell migration. These include tropho- 
blast invasion (Sappino et aL, 1989; Rinkenberger et al., 
1997; Teesalu et al, 1998), post- lactational mammary 
gland involution (Talhouk et al, 1992; Lund et al, 1996), 
angiogenesis (Pepper et al, 1987; Mignatti et al, 1996), 
inflammation (Werb, 1997) and cancer invasion (Dano 
etal, 1985, 1994; Liotta^a/., 1991; Blasi, 1993). Several 
proteolytic enzymes such as the serine protease plasmin 
and a number of matrix metalloproteases (MMPs) are 
thought to be involved in the degradation of extracellular 
matrix (Sternlicht and Werb, 1999). This assumption is 
mostly based on correlative observations and in vitro 
studies. Recently, however, a role for plasminogen (Pig), 
the precursor of plasmin, in a tissue remodeling process 
was demonstrated conclusively by the finding of 
impaired skin wound healing in mice with a disnipted 
Pig gene (Romer et al, 1996). In these mice, there was a 
decreased rate of migration of keratinocytes from the 
wound edge during the re-epithelial ization process, 
which we proposed was due to a diminished ability of 
these cells to dissect their way proteolytically through the 
fibrin-rich extracellular matrix beneath the wound crust. 
Strong support for this interpretation comes from the 
observation that virtually normal skin wound healing time 
is restored in mice deficient in both Pig and fibrin (Bugge 
et al, 1996). 

Although wound healing in Pig-deficient mice is 
impaired, wound closure eventually is achieved. In our 
previous studies, complete healing of all wounds occurred 
within 13 days in wild-type mice, while 60% of the 
wounds in the Pig-deficient mice were healed at the 
termination of the experiment at day 50 (Romer et al, 
1996). In subsequent experiments (see below), all wounds 
in Pig-deficient mice were healed by around day 60. 
During healing of skin wounds, the migrating keratinocytes 
express key mediators and regulators of plasminogen 
activation, including urokinase Pig activator (uPA), uPA 
receptor (uPAR) and type 1 PA inhibitor (PAI-1) (Remer 
et al., 1991, 1994). In addition, they express several 
MMPs (Hewitt and Dane, 1996; see also below). We 
therefore hypothesized that the MMPs may also play a 
role in matrix degradation during wound healing, that 
there is a functional overlap between plasmin and the 
MMPs, and that the residual wound healing capacity 
observed in the Pig-deficient mice reflects the ability of 
MMPs to perform alone the functions which they would 
perform together with plasmin in wild-type mice. In order 
to test this hypothesis, we have now studied the effect of 
galardin, a hydroxamate inhibitor of a broad spectrum of 
MMPs (Grobelny et al., 1992; Levy et al, 1998), on skin 
wound healing in wild-type and Pig-deficient mice. 
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Results 

Several MMPs are expressed during skin wound 
healing 

To examine the expression of MMPs during skin repair, 
full thickness incisional wounds were made in wild-type 
mice (n = 1 2), and sections were analyzed microscopically 
at time points ranging from 12 h to 7 days after wounding, 
mRNAs encoding the respective proteases were detected 
by in situ hybridization with probes specific for seven 
different MMPs, including gelatinase A (MMP-2), gelatin- 
ase B (MMP-9), collagenase-3 (MMP- 13), stromelysin- 1 
(MMP-3), stromelysin-3 (MMP- 11), MT-1 MMP 
(MMP-14) and macrophage metalloelastase (MMP-12). 
In normal skin, there was no detectable mRNA for any 
of these MMPs, while they were all expressed in the 
skin wounds. 

Gelatinase B mRNA was detected already 12 h after 
the wounding in the keratinocytes at the wound edge, 
which had just begun to flatten at that time and to move 
into and under the wound crust. All these gelatinase 
B-expressing cells were located basally just at the front 
of the moving epidermal layer. At all subsequent time 
points until 7 days after wounding, gelatinase B mRNA 
was found in keratinocytes at the same location (Figure la 
and b). Collagenase-3 mRNA was expressed in a pattern 
similar to that of gelatinase B, the only difference being 
that collagenase-3 mRNA was also detected in many basal 
keratinocytes located further behind the leading edge 
(Figure le and f). Expression of gelatinase B mRNA was 
not detected in the granulation tissue or in any cell types 
other than the keratinocytes, while collagenase-3 mRNA 
was found occasionally in macrophage-like cells in the 
granulation tissue. When the wounds were completely 
covered with a newly formed epidermal layer, expression 
of mRNA for the two MMPs was no longer detectable 
in any cells in the skin. mRNA for gelatinase A, 
stromelysin-3 and MT-1 MMP were all detected in 
fibroblasts located in the lower dermis at the edge of the 
wound site from 12 h after wounding. At later time points, 
strong expression of mRNA from these three genes was 
also seen in the granulation tissue, located in fibroblast- 
like cells which were migrating under the wound site. 
Comparison of adjacent sections showed that gelatinase A 
and MT-1 MMP mRNA were expressed in the very same 
fibroblasts (not shown). In the last phase of the healing 
processes leading to closure of the wound site with 
epidermis, expression of these three MMPs was seen in 
fibroblast-like cells located very close to the newly formed 
epidermal basement membrane. After the closure of the 
wound site with a new epidermal layer, weak signals for 
gelatinase A, stromelysin-3 and MT-1 MMP mRNA were 
still found in some fibroblast-like cells. No expression of 
mRNAs for any of these three molecules was detected in 
keratinocytes or in any cells other than fibroblast-like cells 
in the wounds. 

Stromelysin- 1 and macrophage metalloelastase each had 
a unique expression pattern. Stromelysin- 1 mRNA was 
found in both keratinocytes and fibroblasts. The expression 
was strongest in the basal keratinocytes behind the migrat- 
ing front in the area corresponding to the initial wound 
edge, and in fibroblasts located below and adjacent to 
these keratinocytes, but stromelysin- 1 mRNA was also 



detected in the leading edge keratinocytes (Figure lc and 
d). Macrophage metalloelastase mRNA was expressed in 
a subset of macrophages located below and adjacent to 
the wound crust (not shown). Expression of stromelysin- 1 
and macrophage metalloelastase mRNA was not detected 
in any other cells in the wounds. 

Delay of wound healing by treatment with an 
MMP inhibitor 

The expression of several MMPs in leading edge 
keratinocytes during wound healing is remarkably similar 
to the expression we have found previously for the key 
components of the plasminogen activation system, uPA 
and uPAR (Romer et at., 1991, 1994, 1996), which could 
suggest that some of the MMPs, like plasmin, are involved 
in matrix proteolysis in the healing process. To test this 
hypothesis, we made standardized 20 mm long, full- 
thickness incisional wounds in the skin of mice, and then 
treated the mice with daily intraperitoneal injections of 
increasing doses of the metalloprotease inhibitor galardin. 
The wounds were examined visually and the wound length 
measured the day after surgery and at 2-3 day intervals 
thereafter. Wounds were scored as fully healed when there 
was a loss of the wound crust and a macroscopic closure 
of the incision interface with restoration of the epidermal 
covering. All wounds were spindle-shaped immediately 
after incision, with well-separated incision edges and 
exposure of the underlying muscle fascia. By the second 
day, all wounds were covered with a dry wound scab. In 
control mice mock treated with carboxymethylcellulose 
(CMC), the vehicle used for suspension of galardin, there 
was a gradual loss of the scab and decrease in the wound 
length, until all wounds were healed at day 15 (Figure 2). 
In the galardin- treated mice, there was a delay in the 
healing, which became more pronounced with higher doses 
of the inhibitor and was statistically highly significant with 
doses of 50 mg/kg and above (P <0.0001 in all cases). 
Thus at the termination of the experiment at day 25, only 
30% of the wounds were healed in mice treated daily 
with 100 mg/kg of galardin. The remaining wounds were 
covered with a dry scab and had thickened edges. As 
described in further detail below (see the section 
Keratinocyte migration and Figure 4), a microscopic 
analysis of the wounds revealed that the rate of migration 
of keratinocytes to cover the wound field was significantly 
inhibited by galardin treatment, probably causing the 
observed delay in wound closure. 

Wound healing is arrested completely in Pig- 
deficient mice treated with MMP inhibitor 

The effect of galardin on wound healing in wild-type mice 
is thus very similar to that of Pig deficiency caused by 
targeted gene inactivation, consistent with the hypothesis 
of similar and overlapping functions of plasmin and one 
or more MMPs in this process. A prediction from this 
hypothesis would be that an additive and perhaps syner- 
gistic effect could be produced if Pig deficiency is 
combined with MMP inhibition. 

This prediction pre-supposes that the Pig deficiency 
does not in itself lead to a substantial up-regulation of 
MMP expression. In order to evaluate this possibility, we 
examined the expression of mRNAs for the seven MMPs 
discussed above by in situ hybridization of sections from 
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Fig. 1. Metalloprotease expression during skin wound healing- Sections of wounded skin removed 7 days after surgery of wild- type mice were 
analyzed by in situ hybridization for expression of mRNA for gelatinase B (a and b), stromelysin- 1 (c and d). collagenase-3 (e and f), gclatinase A 
(g and h) and stromelysin-3 (i and j). The large straiglit arrows indicate the tip of the epidermal tongue. The small straight arrows indicate 
expression of gelatinase B, stromelysin- 1 and collagenase-3 mRNA in the migrating kcratinocytes. Note that mRNAs for gelatinase B. stromelysin- 1 
and collagenase-3 are expressed in the leading edge keratinocytes, whereas gelatinase A and stromelysin-3 mRNAs could not be detected in the 
kcratinocytes. (a), (c), (e), (g) and (i) are bright-field and (b). (d), (0, (h) and (j) are dark-field micrographs. Magnification, X 160. 



skin wounds derived from our previous study of wound 
healing in mice homozygous for a disrupted Pig gene 
(Pig" 7 "" mice) (Romer et a/., 1996). Littermates that were 



homozygous for the wild-type Pig gene (Plg +/+ mice) were 
included as controls. All seven mRNAs were expressed in 
the Pig -7 " mice in a pattern and to a degree similar to 
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Fig. 2. Effect of the MMP inhibitor galardin on skin wound healing in 
wild-type mice. The percentage fractions of mice with healing defined 
as loss of the wound scab and complete covering of the epidermis arc 
plotted versus time after the incision, for mice treated i.p. with 
galardin in daily doses of 25 mg/kg (■), 50 mg/kg (•), 75 mg/kg (A) 
and J 00 mg/kg (♦) or mock-treated with 4% CMC in 0.9% saline 
(O), the vehicle used for suspension of galardin. 



that described above for wild-type mice. This pattern of 
expression was also observed in the Plg K ' + littermate 
control mice, taking into account that the wound healing 
is strongly delayed in the Pig-deficient mice, i.e. at 
the same stage of healing the MMP mRNA expression 
observed in mice of the two genotypes was similar with 
respect to both location and intensity of the respective 
hybridization signals. We thus observed no sign of tran- 
scriptional up-regulation of MMP genes in the Pig-defi- 
cient mice. 

We then treated wounded Pig - '" mice with galardin 
(Figure 3). As controls, we included littermate Plg +/+ 
mice and groups of mice of each genotype that were given 
mock treatment with the vehicle CMC alone. In this 
experiment, we used mice backcrossed into NTHS mice. 
Wild-type mice of this genetic background had a somewhat 
slower wound healing than the C57BL/6J mice used in 
the experiment shown in Figure 2, and the effect of 
galardin on this process was less pronounced; 100 mg/kg 
only causing a moderate and statistically insignificant 
(P = 0.06) delay. In the mock- treated Pig-deficient mice, 
there was a stronger and statistically highly significant 
(P < 0.0001) delay in healing, similar to what we found 
in our previous study. The macroscopic appearance of the 
wounds was similar in galardin-treated wild-type mice 
and mock-treated Pig-deficient mice. These wounds were 
characterized by a long period with a gaping and red 
wound field, which had a hard and scaly surface, lacked 
epidermal covering, and often granulation tissue protruded 
between the wound edges. However, in both groups, all 
wounds were healed at approximately day 60 (Figure 3b). 
The healed skin in these two groups differed from that in 
the mock-treated wild-type mice in that it was palpably 
thicker than the surrounding skin, indicating an abnormal 
healing process. 

In the group of mice which were both Pig-deficient and 
treated with galardin, all wounds remained open within 
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Fig. 3. Combined effect of Pig deficiency and MMP inhibition on skin 
wound healing, (a) Examples of the progress of repair processes in 
wild -type and Plg-dcficicnt mice with and without galardin treatment, 
(b) The percentage fractions of mice with healing are plotted versus 
time after the incision for wild-type mice that were mock-treated with 
CMC (O) or treated daily i.p. with 100 mg/kg of galardin (•) and 
Pig-deficient mice that were mock-treated (□) or treated daily i.p. with 
100 mg/kg of galardin (■). (c) The average lengths of the healing 
incisional wounds are plotted versus time for the same groups of mice. 
The mice in this experiment were obtained by backcrossing of Pig 
gene-targeted mice to NIHS mice for six generations. 
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the observation period of 100 days (Figure 3b), in stark 
contrast to the complete wound healing eventually 
observed in all of the mice which were either deprived of 
Pig or treated with the MMP inhibitor. Combination of 
Pig deficiency and MMP inhibition thus had a synergistic 
effect on the overall wound healing process. The lack of 
complete healing in the galardin-treated Pig-deficient mice 
was also reflected in the length of the wounds, which 
initially decreased, but then from approximately day 30 
after incision remained stable at around half of the initial 
length (Figure 3c), the wounds being broad with a hard, 
dry and scaly surface. We did not observe any effect 
of Pig deficiency, galardin treatment or both on other 
parameters that potentially could influence the healing 
process, such as initial dryness of the wound bed, skin 
contraction or infection. 

In a separate experiment with C57B1/6J mice and a 42 
day treatment and observation period, similar results were 
obtained. At day 42, no wounds were healed in Pig- 
deficient C57B1/6J mice treated daily with 100 mg/kg of 
galardin, 60% were healed in mock-treated Pig-deficient 
mice and 56% in galardin-treated, littermate, wild-type 
mice, while all wounds in mock-treated, littermate, wild- 
type mice were healed at day 18. 

Keratinocyte migration 

In a separate experiment, we analyzed the impact of 
galardin treatment on keratinocyte migration in wild-type 
and littermate Pig-deficient mice. Groups of the two 
genotypes were either treated with 100 mg/kg daily of 
galardin for 7 days after skin wounding or mock treated. 
Keratin -stained sections of wound tissue from each group 
of mice were then analyzed microscopically, and the 
length of the epidermal tongue along its base from the 
wound edge to the tip of the wedge (see Figure 4) was 
measured blindly in three or four sections per wound by 
computer-assisted morphometry. This distance included 
both the actual migration distance covered by the 
keratinocytes and the epidermal area just behind, consisting 
of proliferating keratinocytes. In the mock-treated wild- 
type mice (n - 5), the length of the epidermal tongue 
was 1227 ± 114 u.m (mean value ± SEM), compared 
with 908 ± 119 Jim in the galardin-treated wild-type mice 
(n = 5), 950 ± 217 Jim in the mock-treated Pig-deficient 
mice (n = 4) and 514 ± 74 |nm in the galardin-treated 
Pig-deficient mice mice (n = 5). Evaluated by a nested 
analysis of variance (ANOVA), the decrease in the length 
of the epidermal tongue caused by galardin treatment of 
wild-type mice was statistically significant and this was 
also the case for the decrease caused by Pig deficiency 
alone (P <0.01 in both cases). In the galardin-treated 
Pig-deficient mice, the decrease was significant in 
comparison with the mock-treated wild-type mice, the 
galardin-treated wild-type mice and the mock-treated 
Pig-deficient mice (P <0.01 in all cases). Thus, MMP 
inhibition and Pig deprivation each reduced the length of 
the epidermal tongue, and in combination had at least an 
additive effect on this parameter. 

In the galardin-treated Pig-deficient mice, the tip of the 
epidermal tongue was located very close to the initial 
wound edge, identified as the area just beneath the edge 
of the wound crust. The measured length of the epidermal 
tongue in these mice therefore represented almost entirely 



the zone of proliferation behind the leading edge ker- 
atinocytes, reflecting that the keratinocyte migration was 
virtually blocked. Staining of the wound sections with 
Masson-trichrome to reveal the collagen distribution 
showed that in both the mock- treated and galardin-treated 
wild- type mice, the epidermal outgrowth was wedge 
shaped and surrounded by a loose network of the provi- 
sional extracellular matrix (Figure 4a-d). Occasionally, 
the epidermal tongue in the galardin-treated wild-type 
mice was surrounded by a dense collagenous matrix (not 
shown). In the mock- and galardin-treated Pig-deficient 
mice, the epidermal tongues were blunted and surrounded 
by a dense layer of fibrillar non-collagenous material 
(curved arrows in Figure 4e-h). This layer was most 
pronounced in the galardin-treated Pig-deficient mice. 

lmmunohistochemical staining for fibrin(ogen) revealed 
that increased amounts of fibrin were present below 
and in front of the epidermal outgrowths in all of the 
galardin-treated wild-type mice (Figure 5c), the mock- 
treated Pig-deficient mice (Figure 5b) and the galardin- 
treated Pig-deficient mice (Figure 5d), compared with the 
mock-treated wild-type (Figure 5a) mice (n = 5 in each 
group). It is particularly noteworthy that the compact and 
band-shaped fibrin immunoreactivity was found below 
and in front of the keratinocytes in all five wild-type mice 
treated with galardin, whereas such a pattern of fibrin 
immunoreactivity was absent in four out of five mock- 
treated wild-type mice (Figure 5a shows a representative 
example). These findings indicate that galardin treatment 
alone, like Pig deficiency alone, may impair keratinocyte 
migration by hampering the degradation of fibrin immedi- 
ately in front of the leading edge keratinocytes. We also 
immunohistochemically investigated the localization of 
fibronectin and laminin in the wounds, but found no 
obvious differences in the immunostaining patterns of 
these proteins between mock- and galardin-treated wild- 
type and Pig-deficient mice. 

In the galardin-treated wild-type mice, and both the 
mock- and galardin-treated Pig-deficient mice, there was 
abundant formation of granulation tissue with inflammat- 
ory cells, endothelial cells and fibroblasts (Figure 4). We 
did not observe any apparent signs of reduced angiogenesis 
in the wounds from any of these three groups of mice. 

increased MMP expression after treatment with 
MMP inhibitor 

Seven days after surgery, the expression of gelatinase B, 
collagenase-3, stromelysin-1, stromelysin-3 and gelatin- 
ase A was examined by in situ hybridization of wound 
tissue from mock-treated Pig-deficient and wild-type mice, 
and from mice of both genotypes that had been treated 
with daily doses of 100 mg/kg of galardin. in the mock- 
treated mice, the expression of these MMPs was as 
described above for untreated animals (compare Figure 6a 
and e). Plowever, in both wild-type and Pig-deficient mice 
treated with galardin, the expression of gelatinase B 
(Figure 6a, e, f and j), stromelysin-1 (Figure 6b and g) 
and collagenase-3 (Figure 6c and h) mRNA was dramatic- 
ally up-regulated in the leading edge keratinocytes 
compared with the mock-treated mice of the same 
genotype. Expression of gelatinase B, stromelysin-1, 
collagenase-3 and gelatinase A was also up-regulated in 
both groups of galardin-treated mice in the granulation 
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Fig. 4. Microscopic appearance of skin wounds in mock- and galardin-treated Pig-deficient and wild-type mice. Sections of skin wounds 7 days after 
surgery were stained with Masson-trichrome. In mock-treated (a and b) and galardin-treated (c and d) wild-type mice, the epidermal tongue is wedge 
shaped and surrounded by a loose network of extracellular matrix. In mock-treated fe and f) and galardin-treated (g and h) Pig-deficient mice, the 
epidermal ends are blunted and surrounded by a dense layer of fibrillar material. The fibrillar material is shown by curved arrows in (e-h) and is 
most pronounced in the galardin-treated Pig-deficient mice (h). In (a), (c), (e)and (g). the straight closed arrows indicate the tip of the epidermal 
tongue and the straight open arrows indicate the point at the start of the zone of proliferating keratinocytes used for measurements of the length of 
the epidermal tongue, (b), (d), f f) and (h) arc larger magnifications of (a), (c), (e) and (g), respectively. Magnification: (a), (c), (e) and (g), X45; (b), 
fd). (f) and (h), X90. 



tissue located just beneath the leading edge keratinocytes 
(curved arrows in Figure 6b-d and f-i). Stromelysin- 1 
and gelatinase A were expressed in fibroblast-like cells in 
.the galardin-treated mice, as in the mock-treated mice, 



while gelatinase B and collagenase-3 were expressed 
in macrophage-like ceils in the galardin-treated mice. 
Furthermore, expression of both gelatinase A and 
stromelysin-3 mRNA was up-regulated in fibroblast-like 
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Fig. 5. Immunohistochemical staining for fibrin in wounds from Pig 4 "'* and Pig ' mice treated with gaiardin or vehicle 7 days after surgery. 
Sections from mock-treated wild-type (a) and plasm inogen-deficient (b) mice, and from galardin-treated wild-type fc) and plasm inogen-deficient (d) 
mice were stained immunohistochemically for fibrin(ogen). Both in the wild-type mice treated with gaiardin and in the Plg-deflcient mice treated 
with either vehicle or gaiardin, fibrillar deposits are seen containing fibrin in front of and below the epidermal outgrowth (smalt straight arrows). 
There is no apparent difference in the intensity of the fibrin staining between the wild-type mice treated with gaiardin and the Pig-deficient mice 
treated with either vehicle or gaiardin. The open arrows in (a-d) show the ends of the epidermal outgrowth. Magnification, X 1 70. 



cells in the deep part of the granulation tissue bordering 
the normal subcutis in the galardin-treated wild-type and 
Plg-deflcient mice (not shown). Gelatinase A mRNA 
expression in these animals was also detectable in the 
leading edge keratinocytes, in contrast to the lack of 
detectable gelatinase A expression in keratinocytes in the 
mock-treated mice (Figure 6d and i). 

Discussion 

The findings in the present study demonstrate that treat- 
ment of mice with a metal loprotease inhibitor, gaiardin, 
impairs skin wound healing in mice. We have reported 
previously that Pig deficiency achieved by targeted gene 
disruption results in a similar delay in wound repair. Jn 
both cases, the repair process does, however, eventually 
proceed, leading to complete healing in all mice. In 
contrast, the wound healing process is effectively brought 
to a standstill and complete wound healing is not observed 
in any Pig-deficient mice treated with gaiardin, thus 
demonstrating that protease activity is essential for this 
tissue remodeling process, and that there is a synergistic 
effect of Pig deficiency and gaiardin treatment. 

In the case of both Pig deficiency and gaiardin treatment, 
there is an impairment of the migration of keratinocytes 
from the wound edge, while we did not observe any 
decrease in the formation of granulation tissue or in 
neovascularization in any of the cases. With respect to 
Pig deficiency, a reversal to virtually normal skin wound 
healing time in mice made deficient in both Pig and 
fibrinogen (Bugge et aL, 1996) indicates that the main 
reason for the impairment is a decreased ability of the Plg- 
deprtved keratinocytes to dissect their way proteolytically 



through the fibrin- rich extracellular matrix beneath the 
wound crust. Our present finding of excessive amounts of 
fibrin below and in front of the migrating keratinocytes 
in galardin-treated wild-type mice makes it likely that the 
mechanism of action of the gaiardin- induced impairment 
of wound healing is a similar inhibition of degradation of 
fibrin and possibly other matrix components by the migrat- 
ing keratinocytes. In favor of this proposal is the finding 
that these keratinocytes express not only the key regulators 
of Pig activation, uPA and uPAR, but also the three MMPs 
gelatinase B, collagenase-3 and stromelysin-1 . Moreover, 
at least two MMPs, stromelysin-1 (Bini et aL, 1996) and 
MT-1 MMP (Hiraoka et aL, 1998), have been shown to 
degrade fibrin, and in the latter case the data strongly 
argue that in some tissue remodeling processes MMPs 
may even be more important than plasmin in providing 
the fibrinolytic activity required for cell migration (Hiraoka 
et aL, 1998). 

Gaiardin is a pepti de-based zinc-chelating hydroxamate 
that inhibits the proteolytic activity of several MMPs, 
including gelatinase A (0.5 nM), gelatinase B (0.2 nM), 
interstitial collagenase (0.4 nM), neutrophil collagenase 
(0.1 nM) and stromelysin 1 (30 nM) with the A' ; s indicated 
(Grobelny et aL, 1992; Levy et aL, 1998). In at least four 
studies of systemic gaiardin treatment in animal models, 
specific effects were observed which, as in the present 
study, most probably were due to inhibition of 
MMP-mediated degradation of the extracellular matrix, 
while there were no observations of general toxicity 
(Galardy et aL, 1994; Gijbels, 1994; Strauss et aL, 1996; 
Witte et aL, 1998). However, it cannot be excluded at 
present that the inhibition of metal loprotease-mediated 
activation of latent growth factors by gaiardin may also 
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Fig. 6. Increased metal loprotease expression after treatment with galardin. The expression of metal ioproteases in skin wounds from mock-treated 
(a-e) or galardin -treated ff-j) Pig-deficient (a-d and f-i) or wild-type (e and j) mice were analyzed by in situ hybridization 7 days after surgery. The 
expression of mRNA for gelatinase B (a, e, f and j), stromclysin-1 (b and g), collagenase-3 (c and h) and gelatinase A (d and i) is increased in all 
the galardin-treated animals. The large straight arrows indicate the tip of the epidermal tongue. The small straight arrows show expression of 
gelatinase B fa, e, f and j), stromclysin-1 (b and g) and collagenase-3 (c and h) in the leading edge keratinocytes of both the mock- and galardin- 
treated Pig-deficient or wild-type mice, and of gelatinase A (i) in the tip of the leading edge keratinocytes in the galardin-treated animals. The curved 
arrows indicate expression at the front of the granulation tissue of gelatinase B (f) in galardin-treated Pig-deficient mice, and of stromelysin-1 (b and 
g), collagcnase-3 (c and h) and gelatinase A (d and i) in both mock- and galardin-treated Plg-deficicnt animals. Note that the expression of all four 
MMPs is up-regulated both in the leading edge keratinocytes and in the granulation tissue cells in the galardin-treated animals. All micrographs are 
dark-field images. Magnification, X90. 
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contribute to the observed impairment of keratinocyte 
migration. Indeed, a recent report provides evidence that 
some functional inhibition of tumor necrosis factor-a 
(TNF-a)-converting enzyme (TACE) — a metalloprotease 
disintegrin (Wolfberg et aL, 1995; Moss et aL, 1997)— 
may be achieved in vivo by systemic galardin treatment 
of mice (Solorzano et aL, 1997). It should be noted, 
however, that deficiency in one of the principle substrates 
of TACE, transforming growth factor-a (Peschon et aL, 
1998), did not affect keratinocyte migration or other 
components of the healing process in a skin wound healing 
model similar to the one applied in this study (Guo et aL 
1996). Furthermore, to our knowledge, effects on skin 
wound healing of deficiencies in other substrates of TACE, 
such as the TNF-cx-TNF-a receptor complex and l- 
selectin, have not been reported. 

It is noteworthy that we found a strong increase in the 
expression of several MMPs in the keratinocytes after 
treatment with galardin, indicating that the galardin was 
bioavailable at the wound site, and could exert an effect 
there. However, this up-regulation also suggests that 
there are compensatory regulatory systems, whereby the 
persistence of specific matrix components increases MMP 
gene expression. The mechanism of the up-regulation is 
yet to be clarified, but recent reports on collagen V-induced 
up-regulation of MMP-1 expression through an interaction 
with the discoidin domain receptor 2 indicate that such 
feedback mechanisms exist (Shrivastava et aL, 1997; 
Vogel et ai. 3 1997). However, due to the number of MMPs 
that are known to be inhibited by galardin, we are unable 
to specify which MMPs are critically involved in wound 
healing. In preliminary experiments with mice deficient 
in either gelatinase B or stromelysin-1, we have not found 
any retardation of wound healing (unpublished results), 
and it appears likely that several of the at least 1 7 known 
MMPs need to be inactivated concomitantly in order to 
obtain an impairment of the healing process. 

The observation that wound healing does proceed in 
the absence of Pig indicates that alternative mechanisms 
exist which can perform the function of plasmin. The 
complete arrest obtained with galardin treatment in Pig- 
deficient mice, but not in wild-type mice, shows that these 
alternative mechanisms involve metalloprotease activity. 
We therefore conclude that there are one or more functions 
that can be exerted by either of the two classes of proteases. 
The lack of detectable up-regulation of metalloprotease 
expression in the Pig-deficient mice makes it likely that 
the metalloproteases also exert this function in wild-type 
mice, and that there is normally a functional overlap 
between the two classes of proteases. A probable explana- 
tion for the functional overlap in skin wound healing 
demonstrated in this study is that cleavage of one or more 
extracellular matrix components is critical for keratinocyte 
migration, and that this cleavage can be achieved by either 
of the two protease systems. Our previous studies on Pig- 
deficient mice (Romer et aL, 1996), together with studies 
of mice with combined deficits in Pig and fibrinogen 
(Bugge et aL, 1996), indicate that degradation of fibrin is 
a critical function of plasmin in skin wound repair. As 
noted above, our present findings of residual fibrin-rich 
matrix in galardin-treated mice argue that MMPs also 
contribute to fibrin degradation by migrating keratinocytes, 
so that fibrin may be a target for both plasmin and MMPs. 



In view of these findings, the slow but ultimately successful 
repair of wounds in Pig-deficient mice is likely to be due 
to slow clearance of fibrin by MMPs. We did not find any 
detectable changes in the staining of fibronectin and 
laminin, which are also known to be substrates for both 
plasmin and MMPs in vitro and, probably, in vivo (Dano 
et aL, 1985; Murphy et aL, 1992; Chen and Strickland, 
1998; Tsirka et aL, 1998). We cannot, however, exclude 
that insufficient cleavage of these or other matrix proteins, 
such as vitronectin and proteoglycans (Whitelock et aL, 
1996; Waltz et aL, 1997), may also contribute to the 
complete arrest of wound healing that we observed in 
galardin-treated Pig-deficient mice. The hypothesis that 
one or more matrix components are common substrates 
for plasmin and MMPs, and that this explains their 
functional overlap in wound healing, predicts that the 
healing would be restored in Pig-deficient, galardin-treated 
mice if the animals also lacked one or more of those 
matrix components. With respect to fibrin, this prediction 
can be tested using available fibrinogen knockout mice 
(Bugge et aL, 1996). 

In vitro observations suggest that plasmin plays an im- 
portant role in the activation of some pro-metal loproteases 
(Murphy et aL, 1992; Mazzieri et aL, 1997). The pro- 
nounced effect of galardin treatment on wound healing in 
Pig-deficient mice observed in this study does, however, 
clearly demonstrate that at least some metalloproteases 
involved in wound healing are not dependent on plasmin 
activation in order to promote tissue remodeling. This 
conclusion is supported further by the finding that active 
gelatinase B, as identified by zymography (see Lund et aL, 
1996), is present in extracts of wound tissue from Pig- 
deficient mice (unpublished results). The arrest of wound 
healing seen in galardin-treated Pig-deficient mice, but 
not in galardin-treated wild-type mice, argues that Pig 
has more functions in tissue remodeling than activation 
of MMPs. 

The present findings may have implications not only 
for our understanding of the proteolytic mechanisms 
involved in wound healing, but also for other normal 
and pathological tissue remodeling processes, including 
trophoblast invasion, organ involution, inflammatory 
diseases and in particular cancer invasion. Tt is becoming 
increasingly clear that the same repertoire of proteases is 
involved in degradation of the extracellular matrix in such 
processes (Dano et aL, 1985; Hewitt and Dane, 1996; 
Edwards et aL, 1998; Johnsen et aL, 1998), and that there 
are also strong similarities in the way in which epithelial 
cells interact with stromal connective tissue cells in 
the generation and regulation of extracellular proteolysis 
(Hewitt and Dano, 1996; Johnsen et aL, 1998). Particularly 
striking are the similarities between wound healing and 
cancer (Dvorak et aL, 1986). These similarities were 
extended recently to findings in Pig-deficient mice in 
which, besides impaired wound healing (Romer et aL, 

1996) , there is also an impairment of primary growth of 
the transplanted Lewis lung carcinoma (Bugge et aL, 

1997) and of metastasis of mammary tumors genetically 
induced by overexpression of the polyoma virus middle 
T antigen (Bugge et aL, 1998). Like the skin wound 
healing, tumor growth and metastasis do, however, eventu- 
ally proceed in the absence of Pig, probably reflecting the 
notion that also in these processes there is a functional 
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overlap between plasmin and metal loproteases. The 
present findings predict that effective arrest of cancer 
progression will require the combined use of inhibitors of 
MMPs and inhibitors of the plasmin/Plg activation system. 
Several MMP inhibitors are already in clinical trials for 
cancer treatment (Brown, 1999). The use of inhibitors that 
effectively block the enzymatic activity of plasmin will 
probably produce severe side effects (see below), while 
an attractive approach for inhibition of Pig activation in 
cancer is blocking of the receptor binding of uPA (Dane 
et al. t 1994; Kim et al, 1998), which will probably be 
virtually non-toxic (Bugge et al. f 1995b). If the massive 
up-regulation of MMP expression seen upon galardin 
treatment in this study also occurs during treatment of 
cancer with MMP inhibitors, this may raise problems as 
a mechanism for cancer cells to acquire resistance. 

The conclusions based on observations on tissue 
remodeling processes in Pig-deficient mice are probably 
very relevant also for the human situation. Recently, the 
rare, but long known and well described, inherited disease 
ligneous conjunctivitis was linked to Pig deficiency 
(Mingers et aL, 1997; Schuster et al. 9 1997, 1999; Schott 
et a!., 1998). This disease is characterized by pseudo- 
membranous 4 wood- like' lesions of the conjunctiva and 
other mucous membranes (Bouisson et al. y 1 847; Bateman 
etal, 1986; Hydayat et ai, 1987; Schuster etal., 1997), and 
there are many similarities with the phenotype observed in 
the Pig-deficient mice (Bugge et aL, 1995a; Ploplis et a/., 
1995; Romer et aL, 1996; Drew et a/., 1998), including 
the impaired wound healing which was recently described 
in two patients with inherited Pig deficiency (Mingers 
et a/., 1997; Schott et ai, 1998). Ligneous conjunctivitis 
patients often display serious symptoms, such as hydro- 
cephalus and blindness, indicating that long-term use 
of effective plasmin inhibitors for therapeutic purposes, 
including the treatment of cancer patients, may not be 
feasible due to severe side effects. 



Materials and methods 

Tissue preparation 

Adult mice were anaesthetized by subcutaneous administration of 
0.03 ml/10 g of a 1:1 mixture of Dormicum (midazolam 5 mg/ml) and 
Hypnorm (Muanison 5 mg/ml and fentanyl 0.1 mg/ml) before . surgery. 
Full-thickness 20 mm long incisional skin wounds were made mid- 
dorsal ly with a scalpel. The wounds were neither dressed nor sutured. 
In this wound model, the formation of a dry scab between the wound 
edges has the effect that the epidermal edges are kept well separated, 
despite the initial wound contraction (Romer et ai, 1996). This means 
that the new epidermal layer is formed entirely by keratinocytes migrating 
from the wound edges and not from underlying hair follicles. In this 
model, the significance of skin contraction and the hair growth cycle is 
minimized during the restoration of an intact epidermal wound coven 
The mice, were caged individually until sacrifice by perfusion-fixation 
with phosphate-buffered saline (PBS) and 4% paraformaldehyde. The 
wound areas were removed, bisected in the mid -transversal plane, fixed 
in 4% paraformaldehyde overnight (Rgmcr et «/., 1991, 1994) and then 
paraffin embedded. Sections were cut perpendicular to the longitudinal 
direction of the wounds. Animal care at The Department of Experimental 
Medicine, University of Copenhagen and Rigshospitalet, Copenhagen, 
Denmark was in accordance with the national guidelines. There were 
no gross or microscopic signs of infections of the wounds or mice during 
the course of any of the experiments. 

Animals and animal treatment 

Pig gene-targeted mice of a mixed 129/Black Swiss background (Bugge 
et «/., 1995) were backcrossed to C57B1/6J mice for 2-6 generations 



and used throughout the study, except for the experiment with mice 
backcrossed into the NIHS background shown in Figure 2. For all 
breeding, heterozygous Plg +/ " mice were used. In all experiments 
involving wild-type mice as controls, these were littcrmates of the Pig- 
deficient mice. All mice used for experiments were between 7 and 1 i 
weeks old at the start of the experiment. All experimental evaluations were 
performed by an investigator unaware of animal genotype. Genotyping of 
the Pig alleles was performed as described (Bugge et at., 1996). The MMP 
inhibitor A^-[(2R)-2-(hydroxamido-carbonylmethyl)-4-methylpentanoylJ- 
L-tryptophan methylamide (galardin) was synthesized as described 
(Grobelny et at., 1992). Galardin inhibits the enzymatic activity of a 
number of MMPs, including gelatinase A, gelatinase B, interstitial 
collagenase, neutrophil collagenase and stromelysin- 1 (Grobelny et at., 
1992; Levy et at., 1998). Galardin was administered i.p. as a 20 mg/ml 
slurry in 4% CMC, 0.9% saline. Injections began immediately after 
wounding and were continued every 24 h thereafter until the end of the 
experiment. Statistical evaluation of differences between groups of mice 
in the time taken to complete wound healing was done with the log 
rank test. 

Computer-assisted morphometry 

Keratinocyte migration was measured microscopically on tissue sections 
stained immunohistochemically with anti-keratin IgG (see below). The 
length of the epidermal tongue was measured from the tip of the leading 
edge keratinocytes to the point in the zone of proliferation, where a shift 
from two to three layers of keratinocytes was identified. Indication of 
this point in the proliferation zone and the tip of the epidermal wedge, 
and the drawing of a line along the base of the tongue between these 
sites by image analysis (NIH Image/ppc 1.56b30 software for Macintosh) 
were performed by an observer unaware of the genotype and treatment 
of the mice. The mean distance of migration in each group was calculated 
as an estimated mean, and the standard error of the mean (S13M) as the 
standard deviation divided by the square root of the number of animals 
in the group. 

Immunohistochemistry 

Tissue sections were stained immunohistochemically by the peroxidase- 
anti-peroxidase method (Romer et ai, 1991) with rabbit polyclonal 
antibodies directed against mouse keratin (Cappel, Organon Teknika, 
PA) or mouse fibrinogen (Bugge et at., 1995a), fibronectin (Dako, 
Denmark) or laminin (L9393, Sigma, IL). Bach experiment included 
controls with omission of the primary antibody and substitution of the 
primary antibody with non- immune rabbit IgG. These were all negative. 

In situ hybridization 

In situ hybridization was performed on paraffin sections essentially as 
described (Ramer et at,, 1991). • 55 S-labeled RNA sense and antisense 
probes were generated by in vitw transcription from subclones of the 
following mouse cDNA fragments: gelatinase A (604-1165) in pSP64 
and pSP65 or (1924-2259) in pGEM-3 (Reponen et ai., 1992); 
gelatinase B (779-1073) or (1918-2239) in pSP64 and pSP65 (Reponen 
et ai, 1994): and macrophage metalloelastase (900-1250) in T3T7-19 
(Shapiro et al., 1992). From stromelysin-1 cDNA (Hammani et at.. 
1992) fragments of (2205-2918) and (3115-4051); from stromelysin-3 
cDNA (Lefebvre et at., 1992) a fragment of (1-996); and from 
collagenase-3 cDNA (Henriet et af., 1992), the two EcoRl fragments of 
485 and 811 bp were subcloned in pBluescript KS+. The mouse MT- 
1 MMP fragment (1122-1867, DDBJ/EM BL/Gen Bank accession No. 
X 83 5 3 6) was generated by PCR amplification of reverse-transcribed 
mRNA extracted from involuting mammary gland tissue with the primers: 
5 ' AC ATCTGTG ACGGG AACTTTGAC A and 5'ATGGCGTCTGAAG- 
AAGAAGACAGCGAG and subcloned in pBluescript K.S-K Expression 
of mRNA for gelatinase A, gelatinase B. stromelysin- 1 and collagenase- 
3 was detected in some of the experiments with two non-overlapping 
probes. In these cases, identical results were obtained. Sense probes 
were included in all experiments and in all cases gave negative results. 
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Matrix metalloproteinases and their tissue 
inhibitors in antegradely shed menstruum 
and peritoneal fluid 



Carolien A. M. Koks, M.D.,* Patrick G. Groothuis, Ph.D,^ Peronneke Slaats, M.S.* 
Gerard A. J. Dunselman, M.D.* Anton F. P. M. de Goeij, Ph.D., f and 
Johannes L. H. Evers, M.D.* 

Acaclemisch Ziekenhuis Maastricht, Maastricht University, Maastricht, the Netherlands 

Objective: To investigate the expression of matrix metalloproteinases (MMPs) and their tissue inhibitors 
(TIMPs) in antegradely shed menstruum and peritoneal fluid. 
Design: A cell biological and immunohistochemical study. 
Setting: Tertiary care university medical center. 

Intcrvention(s): Immunohistochemistry was performed on cryostat sections and cultures of menstrua! 
endometrium. Zymography was used to characterize MMP activity in peritoneal fluid, in menstrual serum, and 
in conditioned medium. Western blot analysis was used to further identify the MMPs in these fluids. 
Main Outcome Measure(s): Staining of MMPs and TIMPs in cryostat sections and cultures and MMP 
expression and activity in peritoneal fluid and menstrual blood serum. 

Result(s): Strong staining for MMP-1 and MMP-3 was observed in stroma and for MMP-7 in epithelium. 
Matrix metalloproteinase-2 and MMP-9 were weakly expressed in stroma. Both TIMP-1 and T1MP-2 were 
expressed in menstrual endometrium. Menstrual serum showed a pattern of MMP activity on zymography 
different from peritoneal fluid. Western blot analysis showed the presence of MMP-7 and MMP-9 in menstrual 
serum. 

Conclusion(s): Antegradely shed menstrual endometrium expresses several MMPs and TIMPs, even after 
culturing for 24 hours. MMP activity in menstrual serum is different from and more intense than MMP activity 
in peritoneal fluid. These enzymes may be involved in the early invasion of menstrual endometrium into the 
extracellular matrix of the peritoneum. (Fertil Steril® 2000;73:604-12. ©2000 by American Society for 
Reproductive Medicine.) 

Key Words: Menstrual fluid, zymography, Western blotting, immunohistochemistry, endometriosis 
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Matrix metalloproteinases (MMPs) are high- 
ly homologous proteolytic zinc enzymes re- 
sponsible for degradation of extracellular 
matrix components such as collagen, proteo- 
glycans, fibronectin, and laminin (I). The bal- 
ance between MMPs and their tissue inhibitors 
(TIMPs) plays an important role in normal 
physiologic events, such as tissue repair, em- 
bryogenesis, extravillous trophoblast invasion, 
and menstruation (2-5), and in pathologic pro- 
cesses, such as rheumatoid arthritis and tumor 
invasion (6). 

Studies on MMP expression during the 
menstrual cycle have shown that MMPs are 
mostly expressed during menstruation when 
extensive remodeling of endometrium occurs 
(5,7-10). Matrix metalloproteinases are not 



only produced by endometrial stroma and epi- 
thelium but also by polymorphic mononuclear, 
leukocytes (PMNs) (10, 1 1-14). 

The regulation of endometrial MMPs at the 
time of menstruation is multifactorial. Proges- 
terone withdrawal, however, is obligatory for 
MMP production (7-9, 14-16). At the onset of 
menstruation there is an influx of neutrophils, 
macrophages, and eosinophils in endometrium. 
These cells not only produce mediators that 
upregulate MMP expression but also provide a 
new source of specific MMPs (10-13). The 
principal MMPs involved in the process of 
menstruation remain to be determined. 

During menstruation the endometrial tissue 
is shed both antegradely and retrogradely. Ret- 



604 



rograde menstruation is considered to be pivotal in the de- 
velopment of endometriosis, in a previous study we showed 
that the concentration of aminoterminal propeptide of type 
III procollagen in peritoneal fluid (PF) is increased in pa- 
tients with early endometriosis compared with controls, sug- 
gesting an active invasion process (17). Treatment of endo- 
metrium with T1MP-1 in vitro followed by intraperitoneal 
injections of TIMP-I reduced the development of ectopic 
lesions in nude mice injected intraperitoneally with human 
endometrial tissue (18). Therefore, local disturbance of the 
MMP-TIMP equilibrium may increase the invasive behavior 
of shed endometrial cells and may ultimately lead to the 
development of endometriosis. 

The purpose of the present study was to investigate the 
expression of MMPs and TIMPs in naturally shed menstrual 
endometrium directly after shedding and after in vitro cul- 
ture for 24 hours. To determine whether MMP activity in the 
PF originates from menstruum or from other constituents of 
the PF, we compared MMP activity in menstrual serum with 
MMP activity in PF. 

To this end, immunohistochemistry was performed on 
cryostat sections and cultures of menstrual endometrial tis- 
sue, and MMP activity was characterized in menstrual se- 
rum, PF, and conditioned medium by zymography and West- 
ern blotting. 

MATERIALS AND METHODS 

Characteristics of Volunteers 

Menstruum was collected by 12 volunteers with regular 
menstrual cycles varying from 25 to 34 days with 4-7 days 
of blood loss. None of the volunteers used oral anticoncep- 
tives or intrauterine copper devices. Peritoneal fluid was 
collected from 11 patients undergoing laparoscopy for ster- 
ilization (n = 5) or infertility work-up (n = 6). All gave 
written informed consent. The institutional review board and 
the medical ethics committee approved the study protocol. 

Menstrual Effluent Collection 

Menstrual effluent was collected with a menstrual cup for 
2-3 hours during the 1st, 2nd, and 3rd day of the menstrual 
period. Day one was defined as the 24 hours from the first 
awareness of menstrual bleeding onward. The menstrual cup 
was a soft natural rubber cup (Keeper, Den Haag, the Neth- 
erlands) that has been used in our previous studies (19, 20). 
After collection, the menstrual effluent was transferred into a 
plastic container and delivered immediately to the labora- 
tory. 

Menstruum Preparations 

The menstrual effluent samples were centrifugated at 
1,800 X g for 10 minutes. The supernatant (serum) was 
collected, frozen immediately in isopentane in dry ice, and 
stored at -80°C until analyzed. The pellet was washed with 
phosphate-buffered saline (PBS) and layered on a Ficoll- 



Paque gradient to remove red blood cells. After centrifuga- 
tion for 5 minutes at 2,500 X g, menstrual tissue was 
collected from the interface. The endometrial tissue was 
frozen immediately in isopentane immersed in dry ice and 
stored at — 80°C until analyzed. 

Endometrial tissue used for cultures was isolated as de- 
scribed above, but washes were performed with complete 
culture medium, consisting of Dulbecco's modified Eagle's 
medium (DMEM)-F-12 (Life Technologies BV, Breda, the 
Netherlands) supplemented with 10% fetal calf serum (FCS), 
2 mM L-glutamin, and penicillin 100 U/mL, and streptomy- 
cin 100 /zg/mL (Life Technologies BV) instead of PBS. 
After the Ficoll gradient separation, menstrual tissue was 
washed once, resuspended in culture medium, filtered 
through a 100-/xm nylon filter (Micronic, Lelystad, the Neth- 
erlands) and a 30-/im polyamid filter (Stokvis and Smits, 
Ijmuiden, the Netherlands). The suspension filtered through 
the 30-^cm filter was layered on a Ficoll-Paque gradient to 
remove red blood cells and to obtain small tissue fragments 
and single cells. 

The tissue fragments retained on the 100- and 30-ju,m 
filter and the tissue of <30 u,m collected from the interface 
of the Ficoll-Paque gradient was pooled and resuspended in 
culture medium. 

Peritoneal Fluid Collection 

Peritoneal fluid samples were obtained from women un- 
dergoing diagnostic laparoscopy for infertility workup (n = 
6) or for sterilization (n = 5). Collections were approved by 
the hospital's medical ethics committee, and written in- 
formed consent was obtained before operation. Ail women 
who underwent a laparoscopy for infertility work-up had 
ovulatory cycles, as confirmed by ultrasonography or an 
adequate rise in serum progesterone in the luteal phase of the 
cycle. The women undergoing laparoscopy for sterilization 
had regular cycles and proved fertility. None of them ( II) 
had visible endometriosis. 

The fluid was collected immediately after introduction of 
the second trocart. The collected fluid was transported to the 
laboratory on ice and centrifuged immediately for 3 minutes. 
The pellet was discarded, and the supernatant was divided in 
small aliquots and frozen immediately in isopentane in dry 
ice and stored at — 80°C until use. Peritoneal fluid samples 
were collected during cycle days 3, 4, 7, 10, 11, 12, 13, 15, 
20, 22, and 26. 

Cultures of Endometrial Tissue for 
Immunohistochemistry 

Endometrial fragments retained on the 100- and 30-/xm 
filters and on the Ficoll-Paque after filtration were cultured 
in culture medium on uncoated glass slides. Cultures were 
performed during 24 hours at 37°C To a part of the cultures 
5 fiM of monensin (Sigma, St. Louis, MO) was added 4-16 
hours before fixation. This ionophore blocks excretion of 
proteins from the Golgi apparatus but does not block their 
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Primary antibodies used for immunohistochemistry. 



Antigen 


Antibody 


Dilution 
HC 


WB 


Source 


MMP-t 


Ab 1; clone; 41-1ES epitope; A2 332-350 


1:10 


2.5/ig/mL 


Oncogene Research Products, 








Cambridge, MA 


MMP-2 


Ab 3; clone; 42-5001 epitope: A2 524-539 


1:10 


2.5jLtg/mL 


Oncogene Research Products 


MMP-3 


Ab 1; clone; 55-2 A4 epitope: ND 


1:10 


2.5fxg/mL 


Oncogene Research Products 


MMP-7 


clone 14 l-7b2 epitope: ND 


1:100 


1 jig/mL 


Fuji Chemical Industries LTD, 








Toyarna, Japan 


MMP-9 


Ab 1; clone; 6-613 antibody 1 epitope: ND 


1:10 


2.5/ig/mL 


Oncogene Research Products 


MMP-9 


Ab 2; clone; 7-11 epitope: ND 


1:10 


2.5fig/mL 


Oncogene Research Products 


TIMP-1 


Ab 1: clone: 7-6C1 epitope: ND 


1:10 


2.5/LLg/mL 


Oncogene Research Products 


TIMP-2 


Ab 1; clone: T2-101 epitope: ND 


1:20 


2.5/ig/mL 


Oncogene Research Products 



HC = immunohistochemistry; WB = Western blot; Ab = antibody; ND = not determined. 



Koks. MMPs and TIMPs. Fertil Sieril 2000. 



production (21). After culturing, the glass slides were rinsed 
in PBS and fixed immediately in methanol at -20°C for 1 
minute followed by an acetone dip at -20°C 

Preparation of Conditioned Medium 

The obtained menstrual endometrial tissue from four vol- 
unteers were cultured in plastic petri dishes with 5 mL of 
culture medium. After culturing for 24 hours the medium 
was collected, centrifuged, and the supernatant was imme- 
diately frozen in isopentane immersed in dry ice and stored 
at -80°C until use. 

Immunohistochemical Staining 

Cryostat sections were cut at 4-6 jLtm and mounted on 
slides. The sections were air dried and fixed with methanol at 
-20°C for I minute followed by an acetone dip at -20°C. 
A total of 12 menstrual endometrial cryostat samples and 
4-8 endometrial cell cultures were used for immunohisto- 
chemistry with each of the various antibodies. Slides were 
washed three times for 5 minutes in PBS and immersed in 
3% hydrogen peroxide and 0.01% sodium azide to block 
endogenous peroxidase activity. The sections were washed 
again three times in PBS. 

Monoclonal antibodies against MMP-1, -2, -3, -7, 
MMP-9 (2), and TIMP-1 and -2 were used (Table 1). Except 
for MMP-7 and MMP-9 antibody 2, the antibodies recog- 
nized latent and active MM P. 

Incubation with the primary antibodies, appropriately di- 
luted in PBS containing 1% bovine serum albumin (BSA), 
was performed overnight at 4°C. After being washed three 
times for 10 minutes in PBS, the samples were incubated for 
30 minutes at room temperature with rabbit anti-mouse im- 
munoglobulin (Ig)G conjugated with horseradish peroxidase 
(dilution 1:100; Dako A/S, Glostfup, Denmark). After being 
washed in PBS, antibody binding was visualized with use of 
3,3'-diaminobenzidine (DAB) and 0.3% hydrogen peroxide. 
Except for MMP-7, imidazol was added to the DAB solu- 



tion. The slides were counterstained with hematoxylin, de- 
hydrated through alcohols, cleared in xylene, and mounted in 
Entellan for light microscopy. 

Endometrium of cycle day 2 was used as a positive 
control. Negative controls included sections without the pri- 
mary antibody, using PBS-BSA 1% instead. 

Zymography 

Proteinase activity was analyzed by zymography on so- 
dium dodecyl sulfate (SDS)-10% polyacrylamide gels con- 
taining gelatin 1 mg/mL or casein 0.5 mg/mL under nonre- 
ducing conditions as described by Fisher et al. (22). 
Conditioned medium (1 :4), menstrual serum (1 : 100), and PF 
(1:100) samples were diluted with deionized water, for gel- 
atin zymography. For casein zymography the dilutions were 
1:100 for PF and menstrual serum and 1:2 for conditioned 
medium. To control for possible exogenous proteinase con- 
tamination, culture medium was also applied on the gel. For 
semiquantitation, the volume loaded was adjusted according 
to protein concentration as measured by a protein assay 
(Bio-Rad Laboratories, North Ryde, Australia). Samples 
containing 4.5 jig of protein (approximately 10 fiL) were 
loaded on the gels. A protein marker, containing 13 protein 
standards covering the molecular mass range from 2.3 to 212 
kd, was used for size determination (Biolabs, New England, 
Boston, MA). The gels were run for approximately 2 hours 
at 100 V at room temperature. 

After electrophoresis, the gels were washed two times for 
30 minutes at room temperature on a moving platform in 
2.5% Triton-XlOO. The gels were then incubated overnight 
at 37°C in a shaking water bath in a substrate buffer. After 
incubation, the gels were stained with Coomassie brilliant 
blue R250, 0.2% in 4% methanol, and 10% acetic acid in 
water for 2 hours, and destained in 4% methanol with 10% 
acetic acid in water. Proteolytic activity appeared as clear 
bands on a blue background. 
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Immunohistochemical staining on cryostat sections of shed endometrium. 



MMP-9 

MMP-l MMP-2 MMP-3 MMP-7 Ab-I Ab-2 TIMP-1 TIMP-2 

Stroma 12* 11 12 8 12 11 12 12 

Epithelium 6 0 0 12 0 0 8 0 

Nuclear staining 3 0 0 0 9 0 1 1 

♦Number of cases with positive staining over 12 cases tested. 
Kokx. MMPs ami TIMPs. Fertil Steril 2000. 



Western Blot Analysis 

Menstrual serum and PF samples diluted 1:100 with 
deionized water and undiluted conditioned medium were 
mixed with sample buffer (4:1). Samples containing 9 /xg of 
protein (approximately 20 jiL) and a prestained protein 
marker were subjected to SDS-polyacrylamide gel electro- 
phoresis on 10% gels under reducing conditions, and the 
proteins were transferred to nitrocellulose filters (Schleicher 
and Schuell, Dassel, Germany), These filters were blocked 
overnight at 4°C in 3% nonfat powdered milk in Tris- 
buffered saline and Tween 20 (TBST). 

After blocking, the nitrocellulose filters were washed 
twice in TBST for 10 minutes. They were incubated over- 
night at 4°C with monoclonal antibodies against human 
MMP-l, MMP-2, MMP-3, MMP-7, MMP-9, TIMP-I, or 
TIMP-2 in the recommended concentrations (Table 1 ). After 
incubation, the nitrocellulose filters were washed again two 
to three times for 10 minutes in TBST, and the primary 
antibodies were complexed with a rabbit anti-mouse IgG 
alkaline phosphatase conjugate (1:1,000) for 60 minutes at 
room temperature. After washing the filters for three times 
during 10 minutes with TBST, the blot was developed by 
adding the alkaline phosphatase substrate solution (Promega, 
Madison, WI). As soon as the bands developed to the desired 
intensity, the reaction was stopped by washing the blot in a 
solution consisting of 20 mM Tris-HCL and 5 mM ethyl- 
enediaminetetraacetic acid (EDTA), pH 8.0. The blots were 
air dried at room temperature. 

RESULTS 

Immunohistochemistry on Cryostat Sections 

Antegradely shed menstrual endometrium expressed all 
MMPs and TIMPs investigated (Table 2). Matrix metallo- 
proteinase-1 and MMP-3 (Fig. lb and d) were strongly, 
TIMP-1 and 2 (Fig. lh and i) mildly, and MMP-2 and 
MMP-9 (Fig. lc, f, and g) weakly expressed in stroma. 
Staining for MMP-7 (Fig. le) was strong in glandular epi- 
thelium. Epithelial cells stained weakly for MMP-l and 
TIMP-1. Tissue inhibitor of matrix metalloproteinase-l was 
observed at the basal side of many epithelial cells, whereas 



MMP-l was observed in only few epithelial cells. Matrix 
metalloproteinase-7, although most prominent in epithelial 
cells, also stained diffusely in stroma. 

In some samples nuclear staining was observed, which 
was most prominent for MMP-9 (antibody 1) in 9 of 12 
samples (Fig. 10, for MMP-l in 3 of 12 samples (Fig. lb), 
and observed for TIMP-1 and TIMP-2 in only one sample. 

Immunohistochemistry on Cultures 

The results are presented in Table 3. 

Matrix metalloproteinase-l was expressed in all cultures, 
and treatment with monensin increased the intensity of stain- 
ing (Fig. 2b). Matrix metalloproteinase-2 was expressed in 
all cultures without monensin and in only one culture treated 
with monensin (Fig. 2c). Despite the addition of monensin, 
the expression of MMP-2 remained weak. Addition of mo- 
nensin was necessary to detect expression of MMP-3 (Fig. 
2d). Expression of MMP-7 was seen in one culture with and 
one culture without monensin. It was present in characteris- 
tically packed whorls of large flat epithelial cells (Fig. 2e). 
Expression of MMP-9 (Ab-1 and Ab-2) was weak and seen 
in two of nine cultures (Fig. 2f and g). 

Tissue inhibitor of matrix metalloproteinase-l and TIMP-2 
were expressed in seven of eight and three of six cultures 
respectively (Fig. 2h and i). Monensin did not increase the 
staining intensity of these tissue inhibitors of MMPs. 

Zymography 

Gelatin zymography revealed four major bands for men- 
strual serum samples (Fig. 3A). One intense band at 92 kd, 
a second intense band at 67 kd, the third and fourth distinct 
bands were found at 60 and 52 kd, and some weaker bands 
were observed. Sometimes a small sharp band was seen at 
180 kd. All these bands occurred in the menstrual fluid 
samples from cycle days 1-3. However, menstrual serum 
from day 3 showed smaller bands than menstrual serum from 
the first 2 days of the menstrual cycle. 

Conditioned medium revealed three intense bands (67, 
60, and 52 kd [Fig. 3A]). A faint band was observed at 92 kd. 
Normal culture medium (with 10% FCS) also revealed two 
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Immunohistochemical staining on cryostat sections of shed menstrual endometrium (a) control, (b) MMP-1, (c) MMP-2, (d) 
MMP-3, (e) MMP-7, (f) MMP-9 antibody 1, (g) MMP-9 antibody 2 (h) TIMP-1, and (i) TIMP-2. Original magnification x100 (g), 
X150 (b, f, and i) X250 (a, c, d, e, and h). 




Koks. MMPs and TIMPs. Fertii Steril 2000. 



bands, one at 67 kd and the other at 60 kd. These bands were 
more intense when conditioned medium was used. 

Gelatin zymography showed two bands for the PF sam- 
ples, one strong band at 60 kd and a weaker band at 52 kd 
(Fig. 3A). There was no difference in pattern and thickness 
of the bands between PF from different phases of the cycle. 
In a dilution of 1:10 the PF also showed small bands at 92 
and 67 kd, but at this dilution the gel was overloaded for 
menstrual serum. 



Casein zymography of menstrual fluid showed different 
bands compared with PF (Fig. 3B). Both showed a 92-kd and 
67-kd band. The menstrual fluid samples also showed some 
faint bands at 48, 28, and 19 kd. These bands were not seen 
in all samples but mainly in menstrual fluid samples from 
cycle days 1 and 2. Conditioned medium showed a band at 
92 kd and one at 52 kd (Fig. 3B). Culture medium (with 1 0% 
FCS) revealed one band at 92 kd, one faint band at 67 kd, 
and some diffuse faint bands between 20-43 kd. 




iB^;illi?.:, 



Immunohistochemistry on cultures of menstrual endometrium with and without addition of monensin. 















MMP-9 








MMP-1 


MMP-2 


MMP-3 


MMP-7 


Ab-1 


Ab-2 


TIMP-1 


TIMP-2 


All cultures 


6/6* 


4/7 


4/5 


2/7 


1/4 


1/5 


7/8 


3/6 


With monensin 


3/3 


1/4 


4/4 


1/3 


1/2 


0/2 


3/4 


2/3 


Without monensin 


3/3 


3/3 


0/1 


1/4 


0/2 


1/3 


4/4 


1/3 



*Number of cases with positive staining over number of cases tested. 
Koks. MMPs and TIMPs. Fertii Steril 2000. 
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Immunohtstochemical staining on cultures of shed endometrium (a) control, (b) MMP-1, (c) MMP-2, (d) MMP-3, (e) MMP-7, (f) 
MMP-9 antibody 1, (g) MMP-9 antibody 2, (h) TIMP-t, and (i) TIMP-2. Original magnification X100 (a and g), x150 (c and e), 
X250 (b, d, f, h, and i). 




Koks. MMPs and TIMPs. Fertil Swril 2000. 



With PF, casein zymography showed 92-kd and 67-kd 
bands that were also seen on gelatin zymography at a dilu- 
tion of 1:10 (Fig. 3B). 

Western Blot 

In menstrual serum collected at cycle days 1, 2. and 3 
only MMP-7 and MMP-9(Ab-l) showed clear bands exclu- 
sively at the expected molecular weights (Fig. 4a and b). For 
the other MMPs, bands at the expected molecular weight and 
multiple other faint bands were observed. 

DISCUSSION 

Strong evidence has been provided, suggesting that im- 
plantation of endometrial tissue is associated with matrix 
metalloproteinase (MMP) expression (17, 18). In the human 
reproductive cycle, expression of MMPs and their tissue 
inhibitors (TIMPs) is significant during the menstrual phase 
and is triggered by decreasing concentrations of luteal pro- 
gesterone (14-16). Most studies on endometriosis and 
MMPs investigated the expression of MMPs and TIMPs in 
PF, endometriotic lesions, and cyclic endometrium in the 



presence of endometriosis. Although these studies invariably 
suggest a pivotal role of MMPs in the development of 
endometriosis, no direct evidence has been provided sup- 
porting this contention (23-26). 

The present study shows that shed menstrual endome- 
trium, the tissue from which endometriosis presumably orig- 
inates, rather than mechanically obtained cyclic endome- 
trium, expresses various MMPs and TIMPs several hours 
after shedding and continues to do so after 24 hours of 
culture. The cryostat sections showed expression of MMP-7 
in epithelial cells and also some diffuse staining in the 
stroma. This can be explained by the fact that MMP-7 is an 
enzyme and after secretion it can diffuse in the interstitial 
space of stroma. This has also been observed by Rodgers and 
coworkers (27). The limited expression of MMP-7 in our 
cultures can be explained by the fact that the cultures pre- 
dominantly consist of stromal cells. If epithelial cells were 
present in the cultures, these cells expressed MMP-7. 

Matrix metalloproteinase-9 was expressed only weakly in 
cryostat sections and hardly in cultures, whereas zymogra- 
phy and Western blot analysis clearly showed the presence 
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(A), Gelatin zymography. (B), Casein zymography, menstrual serum cycle days 1, 2, and 3, (lanes 1-3), peritoneal fluid cycle 
days 3 and 26 [lanes 4 and 5), and conditioned medium (lanes 6 and 7). 
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of MMP-9 in menstrual serum of the first 3 days of the cycle. 
This may be due to the fact that MMP-9 expression is 
immunolocalized to polymorphic nuclear neutrophils in 
menstrual tissue (10). With Western blot analysis, only 
MMP-7 and MMP-9 were observed as strong bands at the 
expected molecular weight for menstrual serum. For the 
other MMPs and TIMPs, bands at the expected molecular 
weights and multiple other faint bands were observed. This 
might either be due to the specificity of the antibodies or, 
alternatively, the faint bands represent active, glycolysated, 
and covalent forms of the MMPs. The latter might be a valid 



explanation because the antibodies against MMP-7 and 
MMP-9 were directed only against the latent enzyme form, 
whereas the other antibodies were directed against both the 
latent and active forms of the enzyme. 

We have postulated the peritoneal environment to be a 
defense barrier, preventing adhesion of endometrial tissue by 
degrading retrogradely shed endometrial tissue to single 
cells and reducing adhesion molecule expression (28). Pro- 
teases in the PF are thought to be responsible for this 
degradation and loss of adhesion molecule expression (28). 
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Western blots stained for (top) MMP-7 and [bottom) MMP-9, 
menstrual serum cycle days 1 , 2, and 3 (lanes 7-3), peritoneal 
fluid cycle days 3 and 26 (lanes 4 and 5). 
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However, with use of zymography and Western blot anal- 
ysis, we have demonstrated that protease activity is sig- 
nificantly lower in PF than in menstrual effluent. The 
MMP activity in PF is, therefore, more likely the result 
of refluxed menstrual effluent rather than being pro- 
duced by activated resident macrophages. Furthermore, 
after 24 hours of culture, menstrual endometrial tissue is 
still capable of expressing MMPs and TIMPs. This sug- 
gests that endometrial tissue on entering the abdominal 
cavity and after adhering to the (sub)peritoneal lining, can 
produce MMPs, which could facilitate invasion of these 
cells. Therefore, the amount of retrograde menstruation 
may be an important risk factor in the development of 
endometriosis. 

In conclusion, the results of this study, together with 



results of earlier studies (17, 18), suggest that retrogradely 
shed menstrual endometrium, after adhering to the subme- 
sothelial layer, uses its own MMP activity to invade the 
extracellular matrix, resulting in the development of endo- 
metriotic lesions. 
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Abstract 

Background: Monitoring of peritoneal cytokine concentrations of tumor necrosis factor (TNF)-a was recommended for early detection of 
severe postoperative complications. In the present study the clinical application of cytokine monitoring was examined in the treatment 
course of severe peritonitis. 

Methods: Nineteen patients with secondary peritonitis were followed up during 75 abdominal lavages. Serum and peritoneal interleukin 
(IL)-6, IL-8, and IL-10 and TNF-a were measured before the surgical intervention, after 1 hour, 3 hours, 6 hours, and 24 hours. Additionally, 
cardiorespiratory parameters, osmolality, C -reactive protein, and total leucocyte count were recorded. 

Results: Serum and peritoneal cytokine concentrations did not correlate to each other as well as to the observed cardiorespiratory 
parameters. Peritoneal cytokine concentrations were 10- to 1000-fold higher to serum concentrations and showed an intermittent wash out. 
There were no differences in determined cytokine concentrations between survivors and nonsurvivors 

Conclusions: Once elevated, peritoneal cytokine measurements offer no new diagnostic or prognostic tool in abdominal lavage peritonitis 
treatment. ©2001 Excerpta Medica, Inc. All rights reserved. 

Keywords: Intraabdominal sepsis; Peritoneal cytokine release; Cardiorespiratory function; Abdominal lavage therapy; Outcome 



Cytokines are a group of proteins produced by a variety of 
cells playing an active role in the immune system. During 
the last decade many data have been evolved to detemiine 
the diagnostic role of serum cytokine concentrations found 
under several clinical conditions like after bum trauma, 
hemorrhage, soft tissue trauma, after elective surgery, in 
patients with pancreatitis, and in patients suffering from 
sepsis due to different origins. More fragmentary is our 
current view of the value of cytokine measurements in the 
fluid drained from the abdominal cavity. Recently, cytokine 
monitoring of peritoneal tumor necrosis factor (TNF)-a has 
been recommended in the early detection of severe intraab- 
dominal complications after elective surgery [1]. In intra- 
abdominal sepsis, where the peritoneal cavity is the inflam- 
matory focus, the role of peritoneal cytokine peak 
concentrations or their elimination kinetic is still unclear. 



■ * Corresponding author. Tel.: +49-228-287-5109; fax: +49-228-287- 
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Whereas one study reported significant differences of 
TNF-a and elastase levels in the peritoneal exsudate after 
planned relaparotomy between survivors and nonsurvivors 
from intraabdominal sepsis [2], these results were not re- 
producible by another study showing no differences in peri- 
toneal interleukin (IL)-8 and TNF-a concentrations in the 
perioperative course after extensive abdominal lavage be- 
tween survivors and nonsurvivors [3]. Although it is now 
accepted that the host defense is a result of the balance of 
proinflammatory as well as antiinflammatory factors [4], 
there are no clinical data of peritoneal antiinflammatory 
cytokine measurements in secondary peritonitis, eg, IL-10, 
so far. Moreover, there are only a few data describing the 
cardiorespiratory function of the patients with intraabdomi- 
nal sepsis in the course of the abdominal lavage procedure 
[5]. We did this study to clarify the role of peritoneal 
proinflammatory and antiinflammatory cytokines in intraab- 
dominal sepsis, the kinetics of systemic and peritoneal com- 
partimentalized cytokine concentrations in the course of 
abdominal lavage, and their possible relationship to cardio- 
respiratory function and to outcome. 
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Patients and methods 

Patients and treatment plan 

From November 1998 to December 1999 19 patients 
with secondary peritonitis admitted to the Department of 
General Surgery of the University Hospital were observed 
during 75 abdominal lavage procedures performed in the 
operating theater or directly on the intensive care unit. Our 
treatment strategy for diffuse peritonitis is to leave the 
abdomen open and include the patients in a lavage program 
with 24-hour or longer intervals depending on the judgment 
of the attending surgeon. For the lavage, normal saline 
without any antimicrobial ingredients was used. During the 
lavage program, patients were treated with mechanical ven- 
tilation, analgosedation, fluid resuscitation with respect to 
the central venous pressure monitoring, and vasopressor 
therapy or inotropic drugs administered to maintain ade- 
quate invasive monitored peripheral arterial pressures. 

Sampling 

Arterial blood samples and samples from a drain, which 
was inserted into the pouch of Douglas, were taken before 
lavage (tO), after 1 hour (tl), after 3 hours (t2), 6 hours (t3), 
and 24 hours (t4) in endotox in-free tubes. In most cases the 
drain fluid was suctioned with a syringe from the drain 
system and not taken from the collection bag. The samples 
were immediately kept cool, centrifuged and frozen within 
30 minutes at 70°C until processing. The Institutional Re- 
view Board waived the need for informed consent as all 
measurements were done from the patients serum taken for 
clinical routine reasons and drain fluid, which was usually 
wasted. 

Assays for TNF-a, IL-6, IL-S, and IL-10, C-reactive 
protein, and method of leucocyte count 

TNF-a, IL-6 and IL-8 were measured with the fast im- 
muno luminescence method using the Immulite (DPC, Bad 
Nauheim, Germany). The detection limits were 1.7 pg/mL 
for TNF-a, 5.0 pg/mL for IL-6, and 2.0 pg/mL for IL-8. For 
IL-10 an ELISA (Milenia; DPG Bad Nauheim, Germany) 
was used according to the manufacturer's instructions. The 
detection limit for this test was 3.0 pg/mL. All measure- 
ments were done in duplicate. For intraperitoneal cytokine 
determinations the samples were diluted up to 1:300000 
with dilution solution provided by the manufacturer. C-re- 
active protein (Synchron Cx-System, Beckman Coulter 
Comp.) and white blood cell count ([WBC] NE Alpha K 
4500, Sysmex Comp.) were measured automatically with a 
specific C-reactive protein antibody and an electrical resis- 
tance system in the hospital laboratory and recorded from 
the patients charts. 



Calculation of cardiocirculatory and respiratory 
parameters 

The mean arterial pressure (MAP) was taken from the 
monitoring of the radial artery catheter. As septic shock may 
be mimicked by apparent sufficient mean arterial pressure 
due to administration of vasopressors, eg, norepinephrine, 
epinephrine, the ratio of mean arterial pressure/vasopressor 
level, calculated as multiples of 0.01 fig • kg" 1 • min" 1 
(MAP/VP) was suggested by Sautner [5]. But for doses of 
0.01 fig * kg -1 * min" 1 this ratio would not be different 
compared with the mean arterial pressure and other drugs, 
eg, inotropic substances like doputamine and dopamine 
might also increase the mean arterial pressure. Moreover, 
the administered volume of crystalloid or colloidal infusion 
solutions, as well as administered units of fresh frozen 
plasma and packed red blood cells also influenced hemody- 
namic stability. We therefore formed the mean arterial pres- 
sure/drug and fluid ratio (MAP/DF) following these criteria: 
MAP/DF = MAP/(norepinephrine dose in multiplies of 
0.01 jag/kg) 4- (epinephrine dose in multiplies of 0.01 
/xg/kg) 4- (dopamine dose in multiplies of 0.01 /x/kg) + 
(dopexamine dose in multiplies of 0.01 fi/kg) -F (total 
volume of administered crystalloid solutions in mL/ 
3,000) + (total volume of administered colloidal solutions 
in mL/ 1,000) + (number of administered units of fresh 
frozen serum/4) + (number of administered packed red 
blood cells/2). The quotients for crystalloid solutions, col- 
loidal solutions, fresh frozen serum, and packed red blood 
cells were chosen based on our personal observation in the 
ability to maintain hemodynamic stability in surgical 1CU 
patients. For the description of the pulmonary oxygenation, 
the Horowitz quotient, as referred to in the German litera- 
ture, was calculated as the ratio of p0 2 /oxygen fraction in 
the inspiratory air (Fi0 2 ) [6]. 

Statistical analysis 

Data are presented with boxplots in the Figs, on the left 
side. As there was a large variability and a wide range of 
many data, the mean values with their ± SEM of the 
changes (A-values) from one to the next time point were 
shown in the Figs, on the right side, first, for the group of 
survivors and second, for the group of nonsurvivors. On the 
left side in Figs. 2 and 3 first the cytokine serum concen- 
trations and than the cytokine peritoneal concentrations are 
shown. Statistical analyses were carried out with the SPSS 
package (SPSS, Inc. SPSS for Windows, Chicago, Illinois). 
Boxplots and A-values of the different time points were 
compared with the baseline levels at tO using the / test. For 
subgroup analyzes two-way repeated analysis of variance 
(ANOVA) as well as the / test for intragroup comparisons 
were performed. Probabilities <0.05 were considered as 
statistically significant. 
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Fig. 1 . Cardiorespiratory and conventional inflammatory parameters. 



Results 

Patients 

Twelve male and 7 female patients underwent a total 
number of 1 16 (mean 6. 1 , range 1 to 32) abdominal lavages. 
Seventy-five lavages (65%) could be followed up in this 
study. Seventy percent of the measured lavages were per- 
formed in the operating theater and 30% directly on the 
bedside, to avoid any transport mishaps for critical patients. 
The hospital mortality among the study group of 19 patients 
was 47%. Mean hospital stay was 35.9 days (range 5 to 86). 
The abdomen has been left open in mean for 1 1 days (range 
I to 61). The origin of the peritonitis were spontaneous 
sigmoid perforation (n = 5), postoperative duodenal and 
small bowel leakage (n = 4), gastric/duodenal ulcer perfo- 
ration (n = 2), postoperative necrotizing pancreatitis (n = 
2), acute necrotizing pancreatitis (n = 2), perforated appen- 
dicitis (n = 1 ), gangrenous cholecystitis (n =1 ), anasto- 
motic failure (n - 1), and iatrogenic duodenal perforation 
(n - 1). 

Cardiorespiratory fun ction 

Fig. 1 illustrates cardiorespiratory parameters during the 
different time points in the course of abdominal lavage of 
the whole study group. There was a marked range in the 
MAP, the MAP/VP, the MAP/DF, and the respiratory in- 
dex. Neither the MAP nor the MAP/VP showed significant 
changes in the course of the procedure taken all patients 



together or regarding only the changes between two time 
points in the group of the survivors and the nonsurvivors. In 
contrast, there was a significant decrease of MAP/DF from 
the begin of the abdominal lavage to the first 15 minutes, 
which was reversible 24 hours after the procedure. Again, 
there was no significant difference in the amount of this 
decrease between survivors and nonsurvivors. After abdom- 
inal lavage there was a significant decrease in the p0 2 /Fi0 2 
from 46 ton* at baseline level to 29 torr at 1 hour, which 
continued to increase and returned to the baseline level not 
before 24 hours. The amount of the changes of the p0 2 /Fi0 2 
were not different between survivors and nonsurvivors. 

Conventional inflammatory parameters and osmolarity 

In Fig. 1 also the changes in the C-reactive protein and 
WBC are demonstrated. There were no differences in these 
two parameters the day after the abdominal lavage com- 
pared with the baseline levels before this procedure in the 
whole study group. There was also great variability in the 
changes of C-reactive protein and WBC. Jn this context, 
survivors showed a significant larger variability in WBC 
than nonsurvivors. As illustrated, serum osmolarity showed 
a broad range in the patients but the changes for the indi- 
vidual patient remained only small and without differences 
between survivors and nonsurvivors. More marked changes 
were seen in the peritoneal osmolarity measured from the 
drain fluid. The lavage led to a significant decrease from 32 1 
mosm/L at baseline level to about 310 mosm/L at 1 hour, 3 
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Fig. 2. Serum and peritoneal interleukin-6 and interleukin-8 kinetics. 



hours, and 6 hours. One day after the abdominal lavage, the 
osmolality reached the baseline level again. There were no 
differences in the intensity of these changes between time 
points in the group of the survivors and the nonsurvivors. 



Serum and peritoneal IL-6, IL-8, TNF-a and IL-IO 

As shown in Fig. 2, the range as well as the mean values 
of serum IL-6 values increased significantly in the course of 
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6 hours after the abdominal lavage from 2,135 pg/mL to 
3,724 pg/mL at 1 hour, 3,524 pg/mL at 3 hours, and 3,214 
pg/mL at 6 hours, and returned to baseline levels of about 
2,342 pg/mL 24 hours postoperatively. Additionally, there 
were many extremely high individual 1L-6 values up to 
30,000 pg/mL during the time points. Peritoneal IL-6 con- 



centrations were 100- to 1,000-fold higher compared with 
the values measured in the serum. There was only a trend of 
a decrease of peritoneal IL-6 from baseline level to 1 hour, 
which lacked statistical significance (P = 0.12). Twenty- 
four hours after the abdominal lavage, the range of perito- 
neal IL-6 values was much smaller compared with the 
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values at baseline level. The analysis of the A-values 
showed also a broad range in the serum as well as peritoneal 
IL-6 concentrations during the different time points, but 
there was no different behavior between survivors and non- 
survivors. 

Serum and peritoneal IL-8 concentrations showed no 
significant changes from baseline level to 24 hours postop- 
eratively. There were also some individual extremely high 
IL-8 serum levels up to 1,000 pg/mL measured during the 
study. Peritoneal IL-8 concentrations were about 300-fold 
higher than serum concentrations. Individual changes 
showed a broad range of serum IL-8 from baseline level to 
I hour in the nonsurvivors, but this was not significantly 
different (P = 0.87) from the survivors. In the later course 
of abdominal lavage there were only small individual 
changes in serum IL-8 concentrations in survivors and non- 
survivors and relatively large but not significantly different 
individual changes of peritoneal IL-8 concentrations in sur- 
vivors compared with nonsurvivors. 

In the course of abdominal lavage there was a slight but 
significant decrease of serum TNF-a from 21 to 18 pg/mL 
the first 24 hours after abdominal lavage. There were some 
individual extreme values up to 80 pg/mL found in the 
serum. Peritoneal TNF-a concentrations were about 10-fold 
higher than serum concentrations and showed no significant 
change during the time points. Changes in the serum and 
peritoneal TNF-a concentrations during the different time 
points were in the similar range in survivors and nonsurvi- 
vors. 

Serum and peritoneal IL-10 concentrations showed no 
changes in the course of abdominal lavage (Fig. 3). Perito- 
neal concentrations were up to 10-fold higher than serum 
concentrations with peak concentrations of about 2,800 pg/ 
mL. Changes in individual cases showed some remarkable 
ranges which, however, were not different between survi- 
vors and nonsurvivors. 

Subgroup analysis for differences in cardiorespiratory 
function and serum and peritoneal cytokine 
concentrations between survivors and nonsurvivors 

For further analysis patients were divided in two sub- 
groups according the criteria for the extent of the surgical 
trauma and the order of the measured lavage in the context 
of the treatment course of the abdominal lavage given in 
Table 1. There were 7 cases with primary laparotomy 
(group 1), 19 cases with secondary laparotomy and minor 
surgical procedures (group 2), and 38 cases with lavage only 
(group 3). Between group 1, group 2, and group 3 ANOVA 
revealed significant differences in A, 5 niin _ 2 4 h MAP/DF 
(group 1 and 2 P = 0.045, group 1 and 3 P = 0.046), in 
^6-24 h serum IL-6 (group 1 and 2 P = 0.035), in A 3 _ 6 h 
serum IL-10 (group 1 and 2 P = 0.012, group 1 and 3P = 
0.012), and in A 3 _ 6 h serum TNF-a (group I and 3 P = 
0.029). Only the subgroup of patients with lavage only 
(group 3) could be further analyzed regarding a difference 



Table 1 

Subgroups according to the extent of surgical trauma and order in the 
treatment course of lavages 



Procedure 



Classification 
of trauma 
I 



III 



Order of 
lavages 
1 



III 



IV 



Number 
(percentage) 
measured 
lavages 



Laparotomy (with/without abdominal 7 (10.9%) 

closure) DOD = 5 

Visceral resection (eg, Hartmann A&W = 2 
procedure, colonic segmental resection, 
gastric/duodenal ulcer excision) 

Suturing of thinned bowel wall 19 (29.7%) 

Extensive necrectomy DOD = 14 

Time-spending bowel preparation A&W = 5 
Difficult abdominal closure (eg, 
subcutaneous mobilization) 

Lavage only 38 (59.4%) 

Tension- free abdominal wall closure DOD = 24 

A&W = 14 



First laparotomy for clinical suspected 8 (12.5%) 

peritonitis (also laparotomy after DOD — 5 

elective surgery with suspected A&W = 3 
postoperative peritonitis, eg, 
anastomotic failure) without definitive 
abdominal closure, because of planned 
revision the next 24—48 hours 

Last performed abdominal lavage: 9(14.1%) 

procedure is completed with definitive DOD = 5 

abdominal closure or the peritoneal A&W = 4 
cavity is no longer accessible because 
of granulation tissues or patient died 
before abdominal closure 

Classic standard procedure with one 3 (4.7%) 

laparotomy including definitive DOD ~ 2 

abdominal closure A&W = 1 

Abdominal lavages during abdomen 44 (68.7%) 

apertum (between groups I and 11) DOD = 31 

A&W - 13 



DOD = dead of disease; A&W - alive and well. 



between survivors (n = 14) and nonsurvivors (n = 24). 
Nonsurvivors in this subgroup had significant higher p0 2 / 
Fi0 2 ratios after 1 hour (P = 0.049), after 6 hours (P = 
0.001), and after 24 hours (P = 0.008). Additionally, serum 
osmolarity was significant higher in the nonsurvivors 1 hour 
(P = 0.038), 3 hours (P = 0.017), 6 hours (P = 0.053), and 
24 hours (P = 0.028) after the abdominal lavage procedure. 
Nonsurvivors showed higher serum IL-8 after 1 hour, higher 
serum TNF-a after 24 hours, and lower peritoneal TNF-a 
concentrations at the start of the surgical intervention com- 
pared with the survivors. 

Furthermore, in 8 cases first laparotomy for suspected 
peritonitis was performed without definitive abdominal clo- 
sure, and in 3 cases a single laparotomy with definitive 
abdominal closure, also named standard procedure, was 
done. In 9 cases the last performed abdominal lavage was 
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measured. In the most cases, samples were taken during 
planned abdominal lavages with open abdomen, and only 
this subgroup of 44 patients was further analyzed. Once 
again, the p0 2 /Fi0 2 was significantly higher in the group of 
nonsurvivors 6 hours (P = 0.001) and 24 hours (P = 0.009) 
after the abdominal lavage. Additionally, in the nonsurvi- 
vors the serum osmolality was significantly higher 3 hours 
(P = 0.019) and 24 hours (P = 0.013) after the procedure, 
and also the peritoneal osmolarity was higher (P = 0.007) 
before the operation. There were only changes in the cyto- 
kines between survivors and nonsurvivors, for serum IL-10 
with higher values in the nonsurvivors before the operation 
(P = 0.007), for serum TNF-a with lower values in the 
nonsurvivors 24 hours after the operation (P — 0.02), and 
still significantly lower leucocytes in the nonsurvivors be- 
fore the operation (0.049). 

Comments 

It is well known from experimental studies that perito- 
neal mesothelial cells [7,8] as well as peritoneal macro- 
phages [9,10] can be regarded as a profound source of 
different intraabdominal cytokine production. Clinical stud- 
ies in spontaneous peritonitis in ambulatory peritoneal di- 
alysis patients and in liver cirrhosis patients with infected 
ascites were the first reports of high levels of IL-6, IL-10, 
and TNF-a in the peritoneal fluid [1 1-13]. Cytokines have 
also been detected in the peritoneal exudate from patients 
after abdominal surgery and were correlated to the bacterial 
contamination, the blood loss and the duration of surgery 
[14]. Moreover, much higher peritoneal cytokine concen- 
trations in the peritoneal fluid drained after elective surgery 
were supposed to be the origin of much lower detectable 
serum levels [15]. This hypothesis was further supported by 
an anecdotal report of IL-6 and IL-8 positive mRNA leu- 
cocytes in the postoperative thoracic and abdominal fluid, 
but not in the peripheral blood [16]. Actually, it became not 
clear whether there is a spillover effect of cytokines from 
the compartmentalized peritoneal cavity to the intravascular 
compartment. 

Another important question for the efficient treatment of 
peritonitis is the still high mortality of about 12% even after 
antibiotic and operative therapy resulted in a sterile perito- 
neal cavity [17]. One possible explanation for this phenom- 
enon might be that the recurrent operative trauma in the 
planned abdominal lavage treatment acts as a second hit for 
already primed immune cells, escalating the systemic in- 
flammatory response syndrome. 

The contradicting studies in patients with laparotomy for 
peritonitis done by Holzheimer et al [2] and Frohlich et al 
[3] had both, essentially, no follow-up of repeated abdom- 
inal lavages. In this study we examined the treatment course 
of the patients, which includes that successive single lavage 
procedures were followed up for 24 hours and cytokine 
measurements were done simultaneously in the peritoneal 



fluid and in the serum. With this study design we found 
tremendously high peritoneal values for all measured cyto- 
kines and a broad range in all measured parameters, making 
statistical analysis more difficult. As the cytokines were 
sampled via a drain that was placed in the pouch of Douglas, 
it is possible that we measured only the areas immediately 
about the drain tract itself, which might have been not 
representative for the whole abdominal cavity. Neverthe- 
less, it was our treatment plan of the abdominal lavage to 
mobilize adherent intestinal loops as noninvasively as pos- 
sible, to clean abscess formations between the intestinal 
loops, and to drain the lavage fluid running to the pouch of 
Douglas. A much smaller amout of fluid was drained di- 
rectly via the laparostoma. To avoid errors due to collection 
in the drain bag, the peritoneal samples were aspirated 
directly from the drain tube using a syringe whenever pos- 
sible. Additonally, owing to high peritoneal values, the 
centrifuged supernatants of the drainage fluid must have 
become diluted, which bears the risk for systematic dilution 
errors. Serum and peritoneal cytokines were always mea- 
sured apart from the locus of their synthesis and biological 
action and were therefore compared with the "tip of a 
iceberg" [18]. In contrast to the spillover hypothesis, a 
better explanation of the cytokine kinetics in this study is 
the theory that the surgical trauma induced the intermittent 
increase of serum IL-6 and that the peritoneal IL-6 concen- 
trations showed an intermittent decrease due to the washout 
and the dilution of lavage fluid. The suggestion of a dilu- 
tional effect is also supported by the decrease in peritoneal 
osmolarity. These findings may be therefore interpreted in 
terms of a compartmentalized and independent response of 
serum and peritoneal localized cytokines to the abdominal 
lavage. 

In the perioperative course of the first laparotomy for 
clinically suspected peritonitis an association of circulatory 
and respiratory failure and increased concentration of cyto- 
kines like TNF-a or IL-6 were described [19]. To put some 
light on the cardiorespiratory parameters, in the treatment 
course of abdominal lavage the MAP/DF quotient, although 
a very rough simplification, was calculated. The MAP/DF 
quotient pays attention to the fact that the hemodynamic 
variables have always to be interpreted in the context of 
administered fluids and vasoactive or positive inotropic 
drugs. There were no clinically relevant respiratory and 
cardiocirculatory deteriorations during the perioperative pe- 
riod of abdominal lavage. The significant decrease in 
MAP/DF can illustrate that the administered fluid regime 
during surgery is sufficient to keep the hemodynamic pa- 
rameters stable. The decrease in the pa0 2 /Fi0 2 ratio should 
be interpreted with caution as the values before surgery and 
1 hour after surgery may be influenced by an accidental high 
oxygen fraction used in the transport ventilation devices. 

Finally, serum and peritoneal cytokine concentrations 
were examined for any use in outcome prediction, which 
was postulated first in the study done by Holzheimer et al 
[2]. In the study reported herein, a larger group of patients 
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with more abdominal interventions was included. More 
importantly, we formed subgroups in terms of the surgical 
trauma and the order of the abdominal lavages. The results 
of our study may be interpreted in the way that there is a 
overlap in the composition of both subgroups, as, for ex- 
ample, the first laparotomy is usually accompanied by a 
major surgical trauma than any single lavage. Essentially, 
the serum cytokine kinetics in this group of patients with 
their first laparotomy show the same pattern as in any 
elective abdominal surgery [20,21]. As expected, the group 
of patients with lavage only and lavage during abdomen 
apertum had the largest numbers of measured lavages, and 
some patients may be included in these groups several 
times, which might bias the results like the differences in the 
pa0 2 /Fi0 2 between survivors and nonsurvivors. However, 
despite differences in osmolarity, which can be explained in 
context of the chronic hyperosmolar state of a surgical 
intensive care patient, there were no significant differences 
found in cytokine kinetics between survivors and nonsurvi- 
vors : 

In conclusion, despite their pharmacokinetical properties 
compared with conventional parameters, eg, C-reactive pro- 
tein [22], cytokines offer no new diagnostic tool in the 
treatment decision of patients suffering from severe diffuse 
peritonitis, although they can easily collected from the drain 
bag. These findings are in contrast to postoperative perito- 
neal cytokine monitoring for intraabdominal complications 
in elective surgery. Thus, once elevated, cytokine concen- 
trations underlie many unspecific influencing factors. Like 
serum cytokines determinations, peritoneal cytokine mea- 
surements appear to detect only the tip of a iceberg, 
which — due to the tremendous amounts of cytokine lev- 
els — might be much higher. Therefore, future research 
should be focused on the local as well as transmigrated 
peritoneal cells themselves, which are producing these 
amounts of proinflammatory and antiinflammatory cyto- 
kines. 



References 

[1] van Berge Hencgouwen MI, van der Poll T. van Deventer SJH. 
Peritoneal cytokine release after elective gastrointestinal surgery and 
postoperative complications. Am J Surg 1998:175:311-16. 

[2] Holzhcimer RG, Schein M, Wittmann DH. Inflammatory response in 
peritoneal exudate and serum of patients undergoing planned relapa- 
rotomy for severe secondary peritonitis. Arch Surg 1995; 130: 1314- 
20. 

[3] Frohlich D, Eiber RM, Jochum M, Billing A. Perioperative pattern of 
peritoneal interleukin 8, tumor necrosis factor-a, and granulocyte 
elastase release in human secondary peritonitis. Cytokine 1997:288- 
92. 



[4] Bone RC. Sir Isaac Newton, sepsis, SIRS and CARS. Crit Care Med 
1996;24:1125-8. 

[5] Sautner T, Gotzinger P, Redl-Wenzl EM, et al. Does reoperation for 
abdominal sepsis enhance the inflammatory host response? Arch Surg 
1997;132:250-5. 

[6] Bone RC, Maunder R, Slounan G, et al. An early test of survival in 
patients with the adult respiratory distress syndrome. The Pa0 2 /Fi0 2 
ratio and its differential response to conventional therapy. Chest 
1989;96:849-51. 

[7] Lanfrancone L, fioraschi D, Ghiara P. et al. Human peritoneal me- 
sothelial cells produce many cytokines (granulocyte-stimulating fac- 
tor [CSF], granulocyte-monocyte-CSF, macrophage-CSF, interleu- 
kin- 1 [IL-1] and 1L-6) and are activated and stimulated to grow by 
IL-I. Blood 1992;80:2835-42. 

[8] Betjes MGH, Tuk CW, Struijk DG, et al. Interleukin-8 production by 
human peritoneal mesothelial cells in response to tumor necrosis 
factor-a, interleukin- 1, and medium conditioned by macrophages 
cocultured with Staphylococcus epidermidis. J Infect Dis 1993; 168: 
1202-10. 

[9] McMasters KM, Cheadle WG. Regulation of macrophage TNFa, 
IL-ljS. and la (1-Aor) mRNA expression during peritonitis is site 
dependent. J Surg Res 1993;54:423-30. 
[10] Hadjiminas DJ, McMasers KM, Peyton JC, Cheadle WG. Tissue 
tumor necrosis factor mRNA expression following cecal ligation and 
puncture or intraperitoneal injection of endotoxin. J Surg Res 1994; 
56:549-55. 

[1 1] Propst T, Propst A, Herold M, et al. Spontaneous bacterial peritonitis 
is associated with high levels of interleukin-6 and its secondary 
mediators in ascitic fluid. Eur J Clin Invest 1993:23:832-6. 

[12] Zemel D, Koomen GCM, Hart A AM, et al. Relationship of TNF-a, 
interleukin-6, and prostrag land ins to peritoneal permeabilitiy for mac- 
romolecules during longitudinal follow-up of peritonitis in continous 
ambulatory peritoneal dialysis. J Lab Clin Med 1993;122:686-96. 

[13] Lu Y, Hylandcr B, Brauner A. Interleukin- 10, interferon gamma, 
interleukin-2, and soluble interleukin-2 receptor alpha detected during 
peritonitis in the dialysate and serum of patients on continous ambu- 
latory peritoneal dialysis. Peritoneal Dial Int 1996;16:607-12. 

[14] Tsukada K, Katoh H, Shiojima M, et al. Concentrations of cytokines 
in peritoneal fluid after abdominal surgery. Eur J Surg 1993; 159: 
475-9. 

[15] Badia JM, Whawell SA, Scott-Coombes DM, et al. Peritoneal and 
systemic cytokine response to laparotomy. Br J Surg 1996:347-8. 

[16] Cavaillon JM, Munoz C, Fitting C, et al. Circulating cytokines: the tip 
of the iceberg? Circ Shock 1992;38:145-52. 

[17] Sakamoto K, Arakawa H, Mita S, et al. Elevation of circulating 
interleukin 6 after surgery: factors influencing the serum level. Cy- 
tokine 1994;6:181-6. 

[18] Schein M, Wittmann DH, Holzheimer R, Condon RE. Hypothesis: 
compartmcntalization of cytokines in intraabdominal infection. Sur- 
gery 1996;119:694-700. 

[19] Fiigger R, Zadrobilek E, Gotzinger P. et al. Perioperative TNFa and 
IL-6 concentrations correlate with septic state, organ function, and 
APACHE II scores in intra-abdominal infection. Eur J Surg 1995; 
159:525-9. 

[20] Baigrie RJ, Lamont PM, Kwiatkowski D, et al. Systemic cytokine 
response after major surgery. Br J Surg 1992;79:757-60. 

[21] Kato M ( Honda 1, Suzuki H, et al. Interleukin- 10 production during 
and after upper abdominal surgery. J Clin Anesth 1998;10:184-8. 

[22] Ohzato H, Yoshizaki K. Nishimoto N, et al. Interleukin-6 as a new 
indicator of inflammatory status: detection of serum levels interleu- 
kin-6 and C-reactive protein after surgery. Surgery 1992;111:201-9. 



Exhibit L 



Kidney International Vol 63 (2003), PP> 298-305 

Glucose degradation products in PD fluids: Do they disappear 
from the peritoneal cavity and enter the systemic circulation? 

Martin Zeier, Vedat Schwenger, Reinhold Deppisch, Ulrike Haug, Kai Weigel, 
U. Bahner, Christoph Wanner, H. Schneider, Thomas Henle, and Eberhard Ritz 

Department of Internal Medicine, University of Heidelberg, Heidelberg; Gambro Corporate Research, Hechingen; 
Technical University of Dresden, Institute of Food Chemistry } Dresden; Nephrology Department, University of WUrzburg, 
Wiirzburg; and Nephrology Center, Stuttgart, Germany 



Glucose degradation products in PD fluids: Do they disappear 
from the peritoneal cavity and enter the systemic circulation? 

Background. Glucose degradation products (GDP) are gen- 
erated in peritoneal dialysis (PD) fluid during heat sterilization 
and storage. They are thought to adversely affect the peritoneal 
membrane. The fate of GDP within the peritoneal cavity has 
not been well characterized. 

Methods, A clinical study was designed to determine (I) 
whether during the dwell in the peritoneal cavity GDP concen- 
tration decreases in the PD fluid as assessed by ex vivo forma- 
tion of AGE; (2) whether exposure to GDP-containing PD 
fluids increases plasma fluorescence (as an index of plasma 
AGE concentration) as well as plasma carboxymethyllysine 
(CML) concentration; and (3) whether exposure to GDP-con- 
taining PD fluids adversely affects glycoprotein CA 125 concen- 
tration. A two-group crossover design was adopted comprising 
two consecutive observation periods of eight weeks each. Sta- 
ble PD patients were exposed in random order either to con- 
ventional PD fluid (heat sterilized at pH 5.5) and subsequently 
to PD test fluid (or the 2 fluids in reverse order). The PD test fluid 
was sterilized using a multicompartment bag system separating 
highly concentrated glucose at pH 3 from the buffer solution. 
Conventional and test fluids differed with respect to concentra- 
tions of GDP, that is, 3-deoxyglucosone (118 vs. 12.3 jxmol/L), 
methylglyoxal (5.3 u,mot/L vs. below detection threshold), 3, 
4-dideoxyglucosone-3-ene (10 jxniol/L vs. below detection thresh- 
old) and acetaldehyde (226 vs. <1 pLinol/L). 

Results. The following results were obtained. First, meth- 
ylglyoxal disappeared completely as early as two hours after 
intraperitoneal instillation of conventional PD fluid. Second, 
when spent conventional dialysate was recovered after a two 
hour and particularly an eight hour dwell and subsequently 
incubated ex vivo with 40 mg of human serum albumin, there 
was a continuous decrease of AGE-forming capacity, that is. 
less generation of fluorescence (AGE) and pyrraline (non- 
fluorescent Amadori product), and an increase of advanced 
oxidation protein products (AOPP) in the spent dialysate. 
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Third, plasma fluorescence (exc. 350/em. 430 nm) as an index 
of circulating AGE compounds as well as plasma CML concen- 
trations were significantly higher in the conventional PD fluid 
period versus low GDP PD fluid period. Fourth, CA 125 con- 
centrations in spent dialysate were higher during the low GDP 
PD fluid period compared to the conventional PD fluid period. 

Conclusion. Conventional PD fluid undergoes modifications 
during intraperitoneal dwell with a loss of AGE forming capac- 
ity, suggesting breakdown, precipitation or resorption of GDP 
in vivo. This is accompanied by an increase in plasma AGE 
compounds. 



Glucose as a highly reactive substance is easily degraded 
into glucose degradation products (GDP), which are toxic 
[1, 2] and can give rise to early or advanced glycation 
end products (AGE) [3, 4]. The formation of GDP is de- 
pendent on pH, temperature and time. In peritoneal 
dialysis (PD) fluids GDP are generated when glucose is 
heated under acidic conditions [5] as well as subsequently 
during storage of the sterilized fluids. The GDP comprise 
formaldehyde, glyoxal, methylglyoxal, 3-deoxyglucosone, 
3,4-dideoxyglucosone-3-ene, and many substances that 
have not yet been identified chemically [6]. 

The reactions that GDP (i.e., carbonyl compounds) un- 
dergo in the peritoneal cavity and the benefit potentially 
derived from elimination of GDP are of great clinical 
interest. Initial studies [7, 8] show higher glycoprotein 
CA 125 concentrations as an index of mesothelial cell 
number and/or viability [9, 10] when low GDP PD fluids 
are used. 

It was the purpose of the present prospective random- 
ized, crossover study to confirm and extend these results 
by addressing two issues: 

1. Do GDP disappear from the PD fluid during the 
dwell? This was assessed first by measuring methyl- 
glyoxal as a representative GDP compound and 
second by measuring ex vivo formation of AGE 
compounds and advanced oxidation protein prod- 
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ucts (AOPP) in spent PD dialysates as an index of 
GDP dependent glycation and oxidation capacity. 
.2. Do GDP escape from the peritoneal cavity and 
enter the systemic circulation? Plasma fluorescence, 
total and molecular weight-specific, as well as car- 
boxymethyllysine (CML) concentrations were com- 
pared during the treatment periods using conven- 
tional and low GDP PD fluids, respectively. 

METHODS 
Study design 

The study was performed as a multicentric, prospec- 
tive, randomized, two-group crossover clinical trial com- 
prising two consecutive observation periods of eight 
weeks each. 

In random order patients were either first exposed to 
PD fluid with minimal concentrations of glucose degra- 
dation products (low GDP fluid, Gambrosol trio®; Gam- 
bro Co., www.gambro.de) during eight weeks and subse- 
quently switched to a conventional PD fluid (high GDP 
fluid, Gambrosol®, Gambro Co.) for the subsequent eight 
weeks (group A). Alternatively, patients were started with 
high GDP fluid and were subsequently switched to low 
GDP fluid (group B). The 1.5% glucose-containing PD 
fluids differed with respect to pH (pH -5.5 in high GDP 
vs. —6.5 in low GDP fluid) and concentrations of GDP: 
methylglyoxal (5.3 vs. below detection limit of 2.8 jxmol/L), 
and acetaldehyde (226 vs. below 1 ^mol/L), 3-deoxy- 
glucosone (118 vs. 12.3 jxmol/L), 3,4-dideoxyglucosone- 
3-ene (10 |imol/L vs. below detection limit), but other- 
wise had an identical composition. 

Patients attended the outpatient clinic at the start of 
the study period and at 4, 8, 12 and 16 weeks after in- 
clusion. Blood and spent dialysate samples were ob- 
tained on each occasion. 

Study patients 

The study was approved by the ethics review board 
of the University of Heidelberg. Stable continuous am- 
bulatory peritoneal dialysis (CAPD) patients were in- 
cluded after written informed consent. They were in- 
cluded if they were at least 18 years old. were treated with 
exchange volumes of 1500 to 2500 mL, and were able 
to handle a multicompartment fluid bag. Patients were 
excluded if they required antibiotic treatment, suffered 
from peritonitis, or were positive for hepatitis B, C or 
HIV. Overall 21 patients were randomly assigned to 
study group A (TV = 11) or B (N - 10). Fifteen patients 
(9 and 6 patients in group A and B, respectively) com- 
pleted the study. Reasons for drop out were peritonitis 
(N = 4), switch to hemodialysis (N = 1), pain upon 
instillation (TV = 1, after changing from low GDP to 
conventional PD fluid). The mean age was 49 ± 12 years 
old in group A (3 males, 6 females) and 51 ± 8 years 



old in group B (5 males, 1 female). The time on CAPD 
was not significantly different (median 33 months, range 
3 to 93 in group A vs. 10 months, range 2 to 30 in group 
B). Patients used 1.5% glucose, 2.5% glucose or 4% glu- 
cose containing PD fluids as required for the purpose of 
ultrafiltration. 

Sampling of study material 

Fifty milliliter samples of spent dialysate after short 
(2 hour) or overnight (8 hour) dwell were collected and 
immediately (<30 min) centrifuged at 2000 X g for 10 
minutes before freezing the supernatant at — 70°C for 
later analysis. Samples were thawed no more than once. 
The same procedure was adopted for the ethylenedi- 
aminetetraacetic acid (EDTA) blood samples. 

Analytical techniques 

Quantitation of methylglyoxal in PD fluid. Methyl- 
glyoxal was quantitated using a reverse phase C18 high- 
pressure liquid chromatography (HPLC) method ac- 
cording to Nilsson-Thorell et al [11]. The detection limit 
was 2.8 (Jimol/L. 

Ex vivo generation of A GE-specific fluorescence in per- 
itoneal dialysis fluid. The presence of reactive carbonyl 
compounds (i.e., GDP) in the peritoneal dialysis fluid 
was indirectly assessed by measuring the generation of 
AGE-specific fluorescence. Unused fluid and spent dialy- 
sate samples recovered after two or eight hours, respec- 
tively, were adjusted to a final glucose concentration of 
1.5% by addition of GDP-free glucose stock solution 
(20% glucose in saline). The glucose concentration was 
measured in every sample of spent PD fluid; thereafter, 
nine parts of spent PD-fluid were supplemented with 
one part of the glucose stock solution and saline to yield 
1.5% glucose as final concentration. Purified human se- 
rum albumin was added to a final concentration of 40 
mg/mL (fraction V; Sigma Co., Taufkirchen, Germany). 
The latter was provided as a reactant for carbonyl com- 
pound mediated protein modification. The samples were 
sterile filtered (0.02 juum; Sarstedt Co., Numbrecht, Ger- 
many) and incubated without any preservatives at 37°C 
for 3 and 10 days, respectively, at neutral pH. Thereafter, 
the AGE concentration was assessed as fluorescence in- 
tensity (excitation 350 nm/emission 430 nm) with a spec- 
trofluorometer (LS 50 B; Perkin Elmer Co., Uberlingen, 
Germany). 

To complement the group-specific fluorescent assay 
with quantitative chemical measurements, the concen- 
tration of pyrraline as a non-fluorescent Amadori prod- 
uct was quantitated using HPLC after preceding enzy- 
matic hydrolysis according to Henle et al [4]. 

Assessment of advanced oxidation protein products 
(AOPP). AOPP were measured according to Witko-Sar- 
sat et al [12] using albumin as a reactant. The assay was 
calibrated with chloramine-T standard solutions (0 to 
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100 jxmol/L) after addition of potassium iodide. Genera- 
tion of AOPP was expressed as chloraniine-T equiva- 
lents. 

Quantitation of fluorescent compounds in plasma. Flu- 
orescence intensity (exc. 350 nm/em. 430 nm) in plasma 
samples was quantified using a spectrofluorometer (LS 
50 B; Perkin Elmer Co.). Fluorescence was also measured 
after size-selective separation of plasma protein fractions 
(size exclusion chromatography, Superdex 75 HR 10/30; 
Pharmacia Co., Freiburg, Germany) according to Henle 
et al [4]. The coefficient of variation for replicate mea- 
surements was <5%. 

Quantitation of specific non-fluorescent AGE com- 
pounds in plasma. Car boxymethylly sine (CML) as a non- 
reactive AGE compound was analyzed in plasma using 
an enzyme-linked immunosorbent assay (ELISA; Roche 
Co., Mannheim, Germany) according to the manufactur- 
ers instructions. Prior to the analysis enzymatic protein 
digestion was performed using proteinase K and phenyl- 
methylsulfonyl fluoride (PMSF; Roche Co., Mannheim, 
Germany) according to the manufacturer's instructions. 
The intra-assay coefficient of variation was <5% and the 
interassay CV <10%. Fructose lysine was quantified by 
amino acid analysis using HPLC after prior acid hy- 
drolysis [4]. 

Quantitation of cancer antigen 125 ( CA 125). The gly- 
coprotein CA 125 was analyzed in spent centrifuged dial- 
ysate using a commercially available ELISA (Roche Co.) 
according to the manufacturer's instructions. 

Statistical analysis 

Unless indicated otherwise, data are given as x ± SD. 
The selected study design, that is, two-group crossover, 
allows the effects of treatment modalities to be analyzed 
irrespective of sequence of therapy [13]. To exclude pe- 
riod and carry-over effects the data were analyzed ac- 
cording to Pocock [13], that is, separately in each study 
group calculating the mean of intra-individual differ- 
ences and of individual patient data means obtained dur- 
ing the low and high GDP fluid periods. Mean values 
(patient data from group A vs. group B) were compared 
by applying the t test for unpaired data (P < 0,05 consid- 
ered as significant). 

After exclusion of period and carry-over effects, data 
from the two study groups could be pooled for calcula- 
tion of means and standard deviation as well as for fur- 
ther statistical evaluation. Data were tested for normal 
distribution by the Wilk-Shapiro test. 

T test for paired and unpaired samples were applied 
with normally distributed data for non-repeated mea- 
sures. 

Wilcoxon signed-rank test for paired data and Mann- 
Whitney test for unpaired data were used for data that 
were non-normally distributed (for non-repeated mea- 
sures). 



Repeated measures, for example, analyses at four and 
eight weeks, were analyzed using analysis of variance 
(ANOVA) for repeated measures after a check for nor- 
mal distribution, by the Friedman test (for paired data) 
or Kruskal-Wallis test (for unpaired data). 

Statistical evaluation was performed using data pro- 
cessing system RS/1 (V. 6.0.1; BBN Software Products 
Co., Cambridge, MA, USA). 

RESULTS 

Methylglyoxal in unused and spent PD fluid: 
Comparison of low GDP and conventional PD fluid 

Unused conventional PD fluid contained 5.3 ± 1.6 
|xmol/L methylglyoxal, while in the unused low GDP 
PD fluid the methylglyoxal concentration was below the 
detection limit. In the 15 study patients, methylglyoxal 
concentration in the spent dialysate remained undetect- 
able after the two and eight hour dwell during the phase 
with low GDP PD fluid. During the phase with conven- 
tional PD fluid, the concentration of methylglyoxal de- 
creased rapidly and was no longer detectable (<2.8 
ujtioI/L) after the two or eight hour dwell, respectively. 

Analysis of AGE-specific fluorescence, pyrraline 
concentration and concentration of AOPP 
in the PD fluid after the dwell 

Formation of AGE. As shown in Figure 1, when un- 
used low GDP PD fluid was incubated with albumin as 
a reactant to generate carbonyl-mediated AGE com- 
pounds, very little increase in fluorescence (OD) as an 
overall index of AGE formation was noted (Fig. 1 A). In 
contrast (Fig. IB), when incubating unused conventional 
PD fluid, a marked increase in fluorescence was noted 
that was progressive with time of incubation. Generation 
of fluorescence was abrogated to a large extent when 
spent conventional dialysate that had been recovered 
after a two or eight hour dwell was used for the same 
experiment. 

The above experiments were performed with 1.5% 
glucose-containing PD fluids. With 2.5% glucose-con- 
taining PD fluids, there was 54% higher generation of 
fluorescence (AOD 109 ± 6.9 vs. 70.6 ± 11.7), but this 
was not seen with the low GDP PD fluid. 

Generation of pyrraline during incubation of low GDP 
and conventional PD fluids. When unused or spent PD 
fluid was incubated with albumin, generation of pyrra- 
line, a non-fluorescent Amadori product, was significantly 
lower with low GDP compared to conventional PD fluid, 
as shown in Table 1. While the capacity to generate pyr- 
raline during incubation with albumin ex vivo was not 
significantly modified when comparing unused fluid with 
spent dialysate after a two or eight hour dwell with low 
GDP PD fluid, a significant decrease was found with con- 
ventional PD fluid. 
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Fig. 1. Generation of fluorescent advanced 
glycation end products (AGE) compounds 
during incubation of low glucose degradation 
products (GDP) and conventional peritoneal 
dialysis (PD) fluids. The generation of fluo- 
rescent AGE compounds is given as the per- 
cent increase of optical density (excitation 350/ 
emission 430 nm) of unused low GDP (A; 
N - 6 for 1.5%, N = 6 for 2.5% glucose) and 
conventional (B; N = 6 for 1.5%, N = 6 for 
2.5% glucose) PD fluid and fluid recovered 
after a 2 hour [N = 15 in each group (low and 
high GDP)] and 8 hour [N = 15 in each group 
(low and high GDP] peritoneal dwell, respec- 
tively. Symbols are: (■) unused 2.5%; (A) 
unused 1.5%; (♦) spent at 2 hours; (•) spent 
at 8 hours. For all corresponding comparisons, 
that is, unused fluids and fluids from different 
dwell times (2 vs. 8 hours) and ex vivo incuba- 
tion times, respectively, generation of fluo- 
rescence was significantly lower with low GDP 
compared to conventional PD fluid (P < 0.05. 
paired data, Wilcoxon-test). These fluids con- 
tained 1.5% glucose. 



Table 1. Generation of pyrraline (pmol/mg protein) during 
incubation of low GDP and conventional PD fluids 
with albumin as reactant 





Low GDP 


Conventional 




PD fluid 


PD fluid 


Unused fluid (N = 6) 






1.5% glucose 


35.3 ± 18.2" 


104.0 ±28.1 


2.5% glucose 


41.2 + 12.9" 


120.2 ±10.6 


Spent dialysate (N = 15) 






2 hour dwell 


33.7±23.2 a 


40.5 ±26.7" 


8 hour dwell 


41.1 ±31. 0 J 


35.2 ± 18.8" 



Data are given as mean t: SD. 

a P < 0.01 vs. unused conventional PD fluid (unpaired) 



The build-up of pyrraline concentration in unused 
fluids was not significantly different when 1.5% and 2.5% 
glucose-containing fluids were used (Table 2). 

Formation of AO PP. Advanced oxidation protein 
products were quantitated as chloramine-T equivalents 
in jimol/L. When unused PD fluids were analyzed, a sig- 
nificant increase of AOPP concentration was noted after 
10 days of incubation versus baseline dependent on the 
glucose concentration (P < 0.05). The same was true for 
spent low GDP PD fluid recovered after two and eight 
hour dwells, respectively (Table 2). 

Despite similar generation of AOPP by unused PD 
fluids at baseline, there was a significant increase of 
AOPP in spent dialysate with dwell time (8 vs. 2 hours, 
P < 0.05; Table 2). 

Significantly higher AOPP levels of spent fluids versus 
unused PD fluids (P < 0.05) as well as the increase of 
AOPP levels over dwell period (8 vs. 2 hours) indicate 
that the major part of AOPP was formed during the 
intraperitoneal dwell. The finding of significantly higher 
AOPP concentrations at baseline as well as after 10 days 



ex vivo incubation of conventional PD fluids compared 
to low GDP fluids (P < 0.05) suggests GDP to be causally 
involved in the formation of AOPP. 

Plasma fluorescence as an index of circulating ACE 
compounds: Comparison of the low GDP and 
conventional PD fluid periods 

As shown in Figure 2, plasma fluorescence was signifi- 
cantly lower during the low GDP PD fluid period (22.1 ± 
41 arbitrary fluorescence intensity units x K) 3 ) com- 
pared to the high GDP fluid period (24.4 ± 4.6 units X 
10 3 ) after a treatment period of four weeks. The differ- 
ence was unchanged after eight weeks in the low GDP 
or conventional PD fluid periods, respectively (data not 
given). In 10 controls, plasma fluorescence was 5.34 ± 
1.1 and in 30 HD patients 19.9 ± 4.7 units x iff* (pre- 
dialysis). 

Figure 3 shows the molecular weight-specific analysis 
of fluorescent AGE species in plasma. The integrated 
fluorescence peaks according to molecular weigh t by size 
exclusion chromatography in the two study periods are 
given in the tables displayed in Figure 3. 

A significant difference during the fourth week of the 
respective study period was noted between low GDP 
and conventional PD fluid: 533 ± 96.9 peak area (arbi- 
trary units/10 4 ) on low GDP versus 576 ± 85.2 on conven- 
tional PD fluid (integrated fluorescence peaks, P < 0.01; 
Fig. 3). Representative chromatograms (patient R.P.) 
are given in Figure 3 to illustrate the method of peak- 
specific fluorescence analysis. 

Quantitation of the non-fluorescent AGE compound 
carboxymethyllysine in plasma 

As depicted in Figure 4, the plasma carboxymethylly- 
sine concentration at baseline was 1.14 ± 0.44 mg/L. It 
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Table 2. Formation of advanced oxidized protein products (AOPP) (^mol/L) as chloramine-T equivalents at baseline 

and after 10 days of in vitro incubation with albumin 







Low GDP PD fluid 






Conventional PD fluid 






Baseline 


10 days 
ex vivo incub. 


Difference 


Baseline 


10 days 
ex vivo incub. 


Difference 


Unused fluid (TV = 6) 

1.5% glucose 

2.5% glucose 
Spent dialysate (N = 15) 

2-hour dwell 

8-hour dwell 


21.9 ±1.1 
21.5 ±0.9 

34.0±5.4 b 
38.1±6.7 bx 


26.2 ±4.6 
. 31.3±6.1 d 

39.6±5.5' ,J 
46.0 ±7.6^ 


3.3 ±4.2 
9.8 ±6.0 

5.2 ±1.9 
5.7 ±2.2 


24.7 ± 3.7 

23.4 + 1.6" 

36.5 ±5.7"* 
41.7 + 8.3^ 


35.5±4.6 ttJ 
39.1 ±6.4* 

45.4±7.9 :,M 
49.7±8.3 Bbcd 


10.8 ±4.9' 
16.3 ±6.7 

9.3 ±7.2 
7.9 ±2.7 



Data are given as mean ± SD. 

'/> < 0.05 vs. low GDP fluid (unpaired for unused PD-fluids, paired for spent PD-fluids) 
b / > < 0.05 vs. respective unused fluid f 1.5% glucose) (unpaired) 
C P < 0.05 vs. 2-hour dwell (paired) 
a P < 0.05 vs. baseline (paired) 



* 35 




iZ Low GDP fluid Conventional fluid 



Fig. 2. Plasma fluorescence during the low GDP and conventional PD 
fluid periods. Plasma fluorescence (OD 350/430 nm arbitrary units x 
10 3 ) is shown after a low GDP PD fluid period of 4 weeks (median 22.8) 
and after a conventional PD fluid period of 4 weeks (median 24.2). Data 
arc given as individual patient data and as mean ± SEM. The difference 
was statistically significant (P < 0.05 Wilcoxon test for paired data). 

was significantly lower after eight weeks of treatment 
with the low GDP PD fluid (1.12 ± 0,47) compared to 
eight weeks of treatment with the high GDP PD fluid 
(1.24 ± 0.44; P < 0.05). 

The change in CML concentration is not explained 
as an artifact of hemoconcentration based on plasma 
albumin (baseline 39.5 ± 3.2 g/L; 8 weeks 38.6 ± 4.4) 
and hematocrit (Hct) measurements (baseline 33.5 ± 
3.8%; 8 weeks 34.9 ± 4.0%). 

Plasma fructoselysine levels did not show any signifi- 
cant change during the low GDP and conventional PD 
fluid periods (40.7 ± 7.9 vs. 40.0 ± 8.0 mg/L). The concen- 
trations in controls were 5.1 ± 1.95 mg/L and in hemodi- 
alysis patients 1.61 ± 0.5 mg/L. 

Glycoprotein CA 125 concentration in supernatants of 
spent PD fluids 

As shown in Table 3, baseline glycoprotein CA 125 
concentrations in the cell-free supernatant of spent peri- 



toneal dialysates were low, but they were significantly 
higher at the end of the low GDP PD fluid period. In the 
group that was first exposed to conventional and subse- 
quently to low GDP fluid, a rapid recovery was noted 
after four weeks of low GDP fluid with no further in- 
crease at eight weeks (Table 3). Conversely, in the group 
where after eight weeks of treatment with low GDP fluid 
the glycoprotein CA 125 concentration was 30.9 ± 5.3 
U/mL, the concentration decreased within four weeks on 
conventional PD fluid to 8.9 ± 2.2 U/mL (P < 0.05). 
These data refer to the eight hour dwell. The data profile 
was similar but approximately 30% lower when spent 
dialysate of the two hour dwell was analyzed (data not 
shown). 

DISCUSSION 

The above data clearly show that PD fluids with high 
concentrations of glucose degradation products (GDP) 
generated during heat sterilization at an acidic pH are 
rapidly modified during two hours and particularly at 
eight hours of intraperitoneal dwell. The data further 
suggest that GDP disappear from the PD fluid during 
the dwell. This conclusion is based on measurements 
of methylglyoxal as one representative GDP compound 
that was no longer demonstrable after a two hour dwell. 
Furthermore, progressive loss of the capacity to form 
AGE by ex vivo incubation with albumin as a reactant 
suggests a rapid and progressive decrease of the concen- 
tration of carbonyl compounds during a peritoneal dwell. 
The study does not permit a decision about whether this 
disappearance reflects spontaneous decay, interaction 
with intraperitoneal molecules, particularly proteins, in- 
teraction with the peritoneal wall or absorption into the 
systemic circulation (or a combination of these possibili- 
ties). At any rate, the observation of higher fluorescence 
in the plasma during the period when conventional PD 
fluids were used is compatible with the idea that carbonyl 
precursors, or AGE as their product, enter the systemic 
circulation. It has not been documented, and is unlikely. 
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A 4 weeks of treatment with low GDP fluid (patient R.P.) B 4 weeks of treatment with conventional fluid (patient R.P.) 



Retention 
time/min (range) 13.4-21.6 24.4-28.5 



32.1-45 45.1-65 



Peak area/10 4 532.5±96.9* 214.9 + 50.8 103.1±64.6 73.7±41.4 



Retention 
time/min (range) 



13.4-21.6 24.4-28.5 32.1-45 45.1-65 



Peak area/10 4 575.9185.2 22ie±48.2 H3.1±70.5 85.3±62.9 
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Fig. 3. Molecular weight -specific analysis of fluorescent AGE in plasma shows representative characteristic plasma fluorescence peak patterns of 
patient R.P. after 4 weeks treatment with low GDP PD fluid (A) and of the same patient after 4 weeks treatment with conventional PD fluid (B). 

Tables displayed at the top of the panels give the values for the mean peak areas ± SD of all patients obtained after the respective study periods. 
A significant difference (*P < 0.05, paired data, Wilcoxon test) was found for the integrated peak area of the high-molecular-weight fraction (that 
is, retention time 18.8 seconds corresponding to albumin as shown by independent calibration samples). 
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Fig. 4. Plasma carboxymethyllysine concentration during the low GDP 
and conventional PD fluid periods. The concentration of carboxymeth- 
yllysine in plasma is seen after a low GDP PD fluid period and after a 
conventional PD fluid period of 8 weeks each. Data are given as individ- 
ual patient data and as mean ± SD. The difference was statistically 
significant (P < 0.05) using the t test for paired data. 



that the highly reactive GDP bind to plasma protein and 
are transferred intact into the plasma compartment via 
lymphatic absorption. The validity of the fluorescence as- 
say is reinforced by measurements of the specific Ama- 
dori product CML, which yielded the same result. A re- 



Table 3. Glycoprotein CA 125 (U/mL) in supernatants of spent 
dialysates during the low GDP and conventional PD fluid 
treatment periods (N — 15) 





Low GDP fluid 


Conventional fluid 


Start of study 


4 weeks 8 weeks 


4 weeks 8 weeks 


13.5 ±3.1 


33.4 ±3.7' 31.8 ±4.1" 


14.4 ±3.6 ll.8± 1.5 



Data are given as mean ± SEM. 

*P < 0.05 vs. start and conventional fluid (Wilcoxon-Wiicox) 



verse transport of carbonyl compounds from the plasma 
space into the peritoneal fluid, as postulated by others, 
is not demonstrated in the present study. The study con- 
firms previous observations [7, 8] to the extent that the 
glycoprotein CA 125, an index of mesothelial cell num- 
ber and/or viability, is beneficially affected by low GDP 
PD fluid. One would assume that highly reactive carbonyl 
compounds in the peritoneal cavity trigger inflammatory 
processes possibly mediated via nuclear factor-KB (NF-kB) 
[14] or protein kinases, but we could not show changes 
in the plasma concentration of C-reactive protein (CRP) 
or other markers of microinflammation during the low 
GDP PD fluid period (data not shown). The periods may 
have been too short, however, to demonstrate such a 
benefit. 

Several methodological points of the study deserve fur- 
ther comment. The high patient attrition rates on CAPD, 
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noticed also in previous studies [8], creates definite diffi- 
culties as reflected by the fact that only 15 of the 21 
recruited patients completed the 16 week study. A fur- 
ther problem is the large inter-patient variability. For 
this reason, we used a prospective randomized crossover 
design to deal with interindividual differences. The short- 
coming of this design is that the duration of the study was 
restricted to the eight-week intervention period, limiting 
the possibility to observe a true long-term benefit from 
the study fluid. This shortcoming was more than bal- 
anced, however, by the fact that patients could be taken 
as their own controls. The consistency of the observation 
was improved by repeat measurements at four and eight 
weeks during the study periods. Measurements were 
highly congruent at four and at eight weeks, respectively. 
We also emphasize that all measurements were carried 
out at least in duplicate. There is uncertainty whether CA 
125 really reflects mesothelial cell number or mesothelial 
cell viability. The rapid normalization (and the reversibil- 
ity thereof) are more in favor of the latter possibility. 
This notion is also supported by the observation that the 
changes in CA 125 occurred very rapidly, for example, 
in non-systematic studies within two weeks time [15]. A 
possible interference of GDP with the CA 125 measure- 
ments was excluded by appropriate controls. 

The measurements of AGE and AOPP were per- 
formed as group-specific global tests to assess carbonyl 
stress and accumulated oxidative stress in the effluent fluid, 
respectively. As far as the AGE assay is concerned, we 
emphasize that the incubation was carried out without 
additives, particularly without antibiotics, and in contrast 
to other studies on this topic, pH was monitored to detect 
potential glucose degradation and generation of prod- 
ucts impacting on pH. Because of the non-specificity of 
the fluorescence test for AGE, we additionally measured 
the concentration of the early Amadori product pyrra- 
line that is generated by the interaction of 3-deoxygluco- 
sone with a-amino groups in general or e-amino groups 
of lysine [4]. Fluorescence and pyrraline concentrations 
increased in parallel (abstract; Zeier et al, / Am Soc 
Nephrol 12:317 A, 2001). In parallel with the decrease of 
the concentration of the AGE precursor methylglyoxal, 
the capacity to generate AGE decreased rapidly during 
the intraperitoneal dwell. In contrast AOPP, that is, the 
long-lived products of oxidative damage assessed as chlo- 
ramine-T equivalents, increased rapidly [12]. The rapid 
generation of AOPP during short intraperitoneal dwells 
presumably reflects high intraperitoneal oxidative stress, 
possibly mediated by carbonyl compounds. The AGE 
and AOPP measurements ex vivo, reflecting the capacity 
to glycate and oxidize, respectively, are analogous to the 
carbonyl test proposed by Miyata et al [16]. 

Carbonyl compounds disappear during the intraperi- 
toneal dwell and we wondered about the fate of these 
compounds. We are aware of the limitations of the mea- 



surements of plasma fluorescence as an index of AGE 
compounds. This global assay is susceptible to numerous 
artifacts. We carefully excluded artifacts from lipemia. 
Patients were without infection. The only medications 
administered were phosphate binders, vitamin D prepa- 
rations, and antihypertensive agents. The dose of antihy- 
pertensive agents, particularly angiotensin-converting 
enzyme (ACE) inhibitors, was not changed between the 
two investigation periods. We are aware of the possibility 
that the plasma AGE concentration may be affected by 
AGE compounds in the diet [17]. Therefore, the patients 
were advised not to change the intake of nutrients with 
known high AGE content. The small increase in plasma 
fluorescence was highly significant in the intra-individual 
comparisons and points to the systemic absorption of 
GDP, of Amadori products or AGE compounds, respec- 
tively. The validity of the measurement is further sup- 
ported by the observation by an independent analytical 
method: the fluorescence was specifically increased in a 
subfraction with the molecular weight of albumin. There- 
fore, a confounding effect by fluorescent low molecular 
weight compounds can be excluded, a point of interest be- 
cause these fractions are specifically increased in uremia 
as shown by Henle et al [4]. The results of the relatively 
non-specific fluorescence are confirmed by the parallel 
increase in the chemically defined compound CML. 

What are the potential long-term consequences of 
our observation? 

In the past it was always assumed that high glucose was 
the major culprit in the genesis of peritoneal membrane 
damage. Deterioration of peritoneal membrane charac- 
teristics is to a large extent associated with new vessel 
formation, that is, angiogenesis [18]. In this context it is of 
interest that GDP were shown to stimulate angiogenesis 
directly independent of glucose [19]. De Vriese et al docu- 
mented a role of glucose in the development of perito- 
neal angiogenesis that was mediated by vascular endo- 
thelial growth factor (VEGF) [20]. The relative roles of 
glucose and GDP (as well as their potential synergism) 
in the stimulation of peritoneal neoangiogenesis require 
further study. Furthermore, there are numerous possibil- 
ities other than neoangiogenesis for how the highly reac- 
tive carbonyl compounds (GDP) might damage the peri- 
toneal membrane. 

Our observations on the deleterious potential of GDP 
go beyond damage to the peritoneal membrane, how- 
ever, and are even consistent with the possibility of sys- 
temic effects following absorption of intraperitoneal 
GDP (or compounds derived thereof). This finding is of 
considerable concern. Uremic toxicity has recently been 
ascribed, at least in part, to AGE formation [21]. A 
contribution of the PD fluid to systemic accumulation of 
AGE, although relatively small in our short-term study, 
therefore may not be negligible. This possibility was pre- 
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viously entertained by other authors who speculated that 
in addition to the carbonyl load resulting from uremia, 
glucose-derived reactive carbonyl compounds may be 
involved in the functional alteration of the peritoneal 
membrane [22]. Furthermore, Witowski et al studied 
long-term human peritoneal mesothelial cell cultures and 
noted that glucose degradation products impair viability, 
interleukin-6 (1L-6) secretion as well as fibronectin re- 
lease [23]. 

Finally, in a prospective randomized study, Jones et al 
documented that the addition of bicarbonate modulates 
concentrations of putative markers of peritoneal mem- 
brane integrity and inflammation [24], a point that was 
not addressed in the present study. 

In summary, our study results lend further support to 
the postulate [25] that formation of GDP during steriliza- 
tion and storage of PD fluid should be avoided. 

Reprint requests to Professor Dr. Dr. h.c. mult. Eberhard Ritz, De- 
partment of Internal Medicine, University of Heidelberg, Bergheimer 
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Nasser Chegini, Ph.D.,* Kristina Kotseos, B.Sc* Yong Zhao, M.D b 
Chunfeng Ma, M.D., Ph.D.* Frederick McLean, M.D* Michael P. Diamond, M.D., 
Lena Holmdahl, M.D., Ph.D.* James Burns, Ph.D., d and The Peritoneal Healing and 
Adhesion Multiuniversity Study (PHAMUS) Group 

Department of Obstetrics and Gynecology, Institute for Wound Research: University of Florida, 
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Objective: To compare expression of matrix metalloproteinase (MMP-1) and tissue inhibitor of MMP 
(TIMP-1) in serosal tissue of intraperitoneal organs and adhesions. 
Design: Prospective and cross-sectional study. 
Setting: Academic research centers. 

Patient(s): Patients undergoing abdominal or pelvic surgery. 
Intervention(s): MMP-1 and TIMP-1 expression. 

Main Outcome Measures): Expression of messenger ribonucleic acid (mRNA) and protein was measured 
S JShJ^titollivc reverse transcription polymerase chain reaction (RT-PCR) and enzyme-linked .mm, 
nosorbent assay. 

-ReuiltfsV Serosal tissue of intraperitoneal organs and adhesions express MMP-1 and TIMP-1 mRNA and 
^i^t^L^ vaned whh 10- to 10,000-fold and 2- to 1 0-folc 1 highei JIMP mRNA 
Td protein, respectively. Parietal peritoneum, fallopian tubes and ovaries express higher MMP-1 mRNA 
Sis compared with uterus and adhesions; the lowest expression is found in small and large bowels 
ubcLneoL tissue, and omentum. Expression of TIMP-1 mRNA was less variable; the highest lev 1 was 
foundt the uterus and the lowest in subcutaneous tissue and small bowels^ There was ess vanabi lit) ,in 
MMP-1 and TIMP-1 protein content than mRNA expression; ovanes and adhesions contained the highest 
MMP- and TIMP-1 levels, respectively, and peritoneum contained the lowest. The MMP-1 and TIMP- 
content and ratios further indicate limited MMP-1 proteolytic activity. Although tissues from premenopausal 
women express more MMP-1 and TIMP-1, expression did not differ by sex or age. 

Conclusion(s): Because MMP-1 and TIMP-1 expression varies consistently among the serosal tissues of 

-d adhesions, and because tissue injury alters their expression, 
expression of these substances may predispose a particular organ to develop more adhesions. (Fertil Stenl* 
2001;76:1212-9. ©2001 by American Society for Reproductive Medicine.) 
Key Words: MMP-1, TIMP-1, mRNA, protein, serosal tissue, peritoneal adhesion 



The serosal surface of the parietal perito- 
neum and of the organs within the peritoneal 
cavity consists of a layer of mesothelial cells 
that prevent the peritoneal organs from adher- 
ing to the surfaces opposite them. Extensive 
cellular or tissue injury to the serosal tissue 
after surgical procedures or as a result of peri- 
toneal infection and inflammation alters the 
healing processes that often leads to develop- 
ment of peritoneal adhesions. 



Although these adhesions develop in many 
patients after pelvic or abdominal surgery, it is 
poorly understood why adhesions form more 
frequently in one tissue or patient than in others 
(1-3). A recent epidemiologic study indicated 
that the rate of hospital readmissions because 
of peritoneal adhesions is higher among 
women who undergo gynecologic surgeries 
than in those undergoing other pelvic or ab- 
dominal surgery (3). 
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Unregulated wound healing processes affecting cellular 
migration and proliferation and tissue remodeling result in 
formation of scar tissue such as peritoneal adhesions. These 
processes are highly regulated by the local action of various 
molecules, including several endoproteases with a broad 
range of enzyme activity (4, 5). Matrix metal loproteinases 
(MMPs) are a key member of the endoprotease family and 
are classified according to their substrate specificity — for 
example, MMP-1, which degrades collagens I— III and VII 
and fibronectin (4, 5). Under normal conditions the expres- 
sion of MMPs is limited to a few tissues that undergo 
extensive remodeling, such as endometrium during the men- 
strual cycle, wound during healing, and inflammatory reac- 
tions (5-12). 

The expression of MMPs is highly regulated at the tran- 
scriptional level and is influenced by local action of various 
cytokines, growth factors, and hormones (5-12). Moreover, 
MMPs are secreted as proenzymes that require activation to 
exert their biological activities, which include cell migration, 
angiogenesis, proliferation, and tissue remodeling. By re- 
leasing the growth factors and cytokines stored in the extra- 
cellular matrix, MMPs influence other cellular activities 
(4-6). 

The proteolytic activity of the MMPs is regulated in part 
by their physiologic inhibitors, tissue inhibitors of MMPs 
(TIMPs), which consist of TIMP-1 to TIMP-4 (12, 13). In 
contrast to MMPs, TIMPs are expressed in a wide variety of 
tissues. In addition to inhibiting the proteolytic activities of 
MMPs, TIMPs regulate cell migration, angiogenesis, and 
cell growth (5, 6, 13-16). Several cytokines, growth factors, 
and hormones have also been shown to regulate expression 
of TIMPs (5, 7, 12, 13). Because MMPs and TIMPs are key 
components of the above processes, their coordinated and 
balanced expression is considered critical for normal wound 
healing (4-6, 17-22). 

Studies of the expression of MMPs and TIMPs in the 
peritoneal environment have demonstrated their presence in 
peritoneal fluid of surgically induced adhesions in rats (23) 
and their expression in peritoneal serosal tissue, mesothelial 
cells, and peritoneal fluid of patients with and without ad- 
hesions (24-28). These findings suggest a potential role for 
MMPs and TIMPs in peritoneal wound healing and adhesion 
formation. On the basis of the knowledge that tissue injury 
alters expression of various molecules, including MMPs and 
TIMPs, consistent variations in local expression of these 
substances in serosal tissue of peritoneal organs may predis- 
pose an organ to develop more adhesions than others. 

We sought to examine whether the serosal tissue of in- 
traperitoneal organs and adhesions express MMP-1 and 
TIMP-1 mRNA and protein and whether the degree of their 
expression varies consistently between different organs, in- 
cluding parietal peritoneum, uterus, oviducts, ovaries, and 
large and small bowels. We also examined expression of 
these substances in the omentum and adhesions of patients 



with and without adhesions. Expression of these substances 
in skin, fascia, and subcutaneous tissue obtained from the 
same patients was also measured. 

MATERIALS AND METHODS 

All materials for isolation of total RNA, reverse transcrip- 
tion polymerase chain reaction (RT-PCR), and enzyme- 
linked immunosorbent assay (ELISA) were purchased from 
commercial sources, as described elsewhere (28-30). Hu- 
man-specific MMP-1, TIMP-1 and MMP-1 /TIMP-1 com- 
plex ELISA kits with limits of detection of 1.7, 1.3, and 1.5 
ng/mL, respectively, were purchased from Oncogene Sci- 
ences, Inc. (Cambridge, MA). 

Samples of skin (n = 34), fascia (n = 8), subcutaneous 
tissue (n = 12), omentum (n = 10), ovary (n = 5), and 
serosal tissue of the parietal peritoneum (n = 33), uterus 
(n = 22), fallopian tubes (n = 7), large and small bowel (n = 
14), and adhesions (n = 16) were collected from 57 patients 
who were undergoing abdominal or pelvic surgery. Of these 
patients, 45 were female and 12 were male; the age range 
was 24 to 83 years. Thirty-two of the female patients were 
premenopausal, and 23 of these women had undergone pre- 
vious surgical procedures, including cesarean section, bilat- 
eral tubal ligation, appendectomy, ovarian cystectomy, hys- 
terectomy, and treatment for endometriosis. According to the 
date of last menstrual period and endometrial histology, 9 
premenopausal patients were in the proliferative phase and 
23 were in the secretory phase of the menstrual cycle. 
Thirteen women were postmenopausal. Male patients were 
scheduled to undergo various gastrointestinal surgical pro- 
cedures. 

Pelvic findings at surgery were used to assess the type of 
adhesions, which were classified on the basis of their sever- 
ity as described elsewhere (31). These specimens were col- 
lected from patients undergoing surgical procedures at the 
University of Florida, Wayne State University, and Gothen- 
burg University, after standardization of tissue handling and 
shipments. Approval from the institutional review boards at 
each institution was obtained before initiation of the study. 
All patients gave informed written consent before undergo- 
ing surgery. 

After collection, the tissue pieces were divided into mul- 
tiple portions and were either snap-frozen and stored in 
liquid nitrogen for mRNA and protein analysis or fixed for 
histologic evaluation. All samples for mRNA isolation, pro- 
tein extraction, and histologic evaluation were centrally pro- 
cessed and analyzed at the University of Florida. For mRNA 
analysis, total cellular RNA was isolated from each tissue 
and subjected to quantitative RT-PCR using an external 
synthetic complementary RNA (cRNA) standard to deter- 
mine MMP-1 and TIMP-I mRNA expression, as described 
elsewhere (28-30). 

The procedure used to construct the synthetic template for 
quantitative RT-PCR has been described in detail elsewhere 
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FIGURE 1 



Competitive quantitative reverse transcriptase polymerase chain reaction (PCR) analysis of matrix metalloproteinase (MMP-1) 
and tissue inhibitor of MMP-1 (TIMP-1) messenger RNA using total cellular RNA isolated from parietal peritoneum. The upper 
bands are the PCR products generated from the specific message in cellular RNA, and the lower bands jare from the standard 
complementary RNA (shown from right to left at dilutions corresponding to 10 s to 10 3 and 10 7 to 10 2 copies/reaction). M = DNA 
markers. 

M TIMP-1 MMP-1 M 

500bp 
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(29). The cDNA was synthesized in a series of standard 
reactions, each of which contained 2 jig of total cellular 
RNA from each tissue and several dilutions of cRNA (10 2 to 
10 8 copies/reaction). The PCR products were separated on 
2% agarose gels containing ethidium bromide, and the im- 
ages were captured on a Kodak 120 digital camera (Eastman 
Kodak Co., Rochester, NY) and stored as a TIFF file on the 
computer. The PCR band intensities were determined and 
normalized for their molecular weight, and their ratio was 
plotted against the copy number of cRNA standard per 
reaction, as described elsewhere (28-30). The level of 
mRNA expression was determined if the ratio of cRNA to 
target band intensities was 1; analysis by equation of best-fit 
lines was performed, and results were reported as the 
mean ± SE of copies mRNA/jug total RNA (28-30). 

To determine levels of MMP-1, TIMP-1, and MMP-1/ 
TIMP-1 complex proteins, an equal amount of tissue was 
homogenized in homogenizing buffer, as described in the 
protocol of the ELISA kits. The homogenates were centri- 
fuged at 4000 Xg for 15 minutes, and the supernatants were 
collected, divided into aliquot, and stored at -80°C until 
assay. The total protein content of the tissue extracts was 
determined by using a standard protein assay (Bio-Rad, 
Hercules, CA). 

An equal amount of total protein from each preparation 
was subjected to ELISA measuring total MMP-1 (free and 
complex with TIMP-1), total TIMP-1 (free and complex 
with MMPs), and MMP-1 /TIMP-1 complex (activated 
MMP-1 in complex with TIMP-1), respectively. All mea- 
surements were performed in duplicate, and results are re- 
ported as mean ± SE/mg of total protein. 

The nonparametric Student /-test and Kruskal-Wallis 
one-way analysis of variance with the Dunn test were done 
by using SigmaStat software (Jandel Co., San Rafael, CA). 
A probability level of P<.05 was considered significant. 

RESULTS 

Standard RT-PCR indicated that all tissues examined in 
our study expressed MMP-1 and TIMP-1 mRNA (data not 



shown). Quantitative RT-PCR was performed to determine 
the level of MMP-1 and TIMP-1 mRNA expression in these 
tissues, using a competitive cRNA as internal standard. An 
example of quantitative RT-PCR using total cellular RNA 
isolated from parietal peritoneum and several dilutions of the 
cRNA standard is shown in Figure 1. Results of quantitative 
RT-PCR indicated that the level of MMP-1 and TIMP-1 
mRNA expression varied substantially among these tissues; 
expression of TIMP-1 was 10- to 10,000-fold higher than 
expression of MMP-1 (Fig. 2). 

We found that expression of MMP-1 mRNA was greater 
in the parietal peritoneum than in uterus and adhesions 
(P<.05) but not in ovaries and fallopian tubes (Fig. 2A); 
however, MMP-1 mRNA expression was significantly 
higher in all of the above tissues compared with large and 
small bowels, omentum, and subcutaneous tissues (P<.001; 
Fig. 2A). The level of MMP-1 mRNA expression was lower 
in skin than in parietal peritoneum (P<.05) but not adhe- 
sions (Fig. 2A). 

Uterine serosal tissue expressed more TIMP-1 mRNA 
than did parietal peritoneum, fallopian tubes, large bowel, 
and adhesions (P<.05) but not ovaries and omentum (Fig. 
2B). Small bowel and subcutaneous tissues expressed the 
least TIMP-1 mRNA, whereas expression in skin was similar 
to that in adhesions and parietal peritoneum (Fig. 2B). Ad- 
hesions expressed approximately 100-fold more TIMP-1 
mRNA than MMP-1 mRNA (P<.01) (Fig. 2). 

Tissue extracts contained MMP-1 and TIMP-1 protein 
with varying levels ranging from 2- to 10-fold (Fig. 3 A and 
3B). Fallopian tubes and ovaries contained higher MMP-1 
levels, followed by large bowel, uterus, omentum, adhesions, 
parietal peritoneum, fascia, and skin. Levels of MMP-1 
protein were significantly higher in uterus, ovary, fallopian 
tube, and large bowel than in other tissues (P=.005, .003, 
and .01, respectively). Large bowel, uterus, and ovaries 
contain higher levels of TIMP-1 protein, followed by adhe- 
sions, fallopian tube, parietal peritoneum, omentum, skin, 
and fascia. These levels were significantly higher in adhe- 
sions, uterus, ovary, fallopian tube and large bowel than in 
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Expression of matrix metalloproteinase (A) and tissue inhib- 
itor of MMP-1 (B) messenger RNA {mRNA) expression in 
serosal tissue of parietal peritoneum, various peritoneal or- 
gans, adhesions, and skin. Values were calculated from the 
band densities described in Materials and Methods. Results 
are means ± SE of copies of mRNA//i,g total RNA. In panel A, 
P<.05 for b compared with a, c, and d; P=.01 for b com- 
pared with g, h, j, and k; and P<.01 for a, b, c, d, e, and f 
compared with g, h, j, and k. In panel B, P<.05 for d com- 
pared with a, b, c t f, g, j, and k. 
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Notched box plots showing the level of matrix metallopro- 
teinase (MMP-1) (A) and tissue inhibitor of MMP-1 (TIMP-1) 
(B) in samples of serosa! tissue of the ovaries, uterus, fallo- 
pian tubes (F. tube), large bowel, omentum, skin, fascia, and 
adhesions. The vertical line within the box boundaries repre- 
sent the distribution of the middle 50%, the thin horizontal 
lines within the boxes are the medians, and the thick lines are 
the arithmetric means. The notches represent the 95th per- 
centile, and the error bars represent the 90th and 10th per- 
centiles. Levels of MMP-1 levels in skin, fascia, peritoneum 
and omentum were significantly lower than those in uterus, 
ovary, fallopian tube, and large bowel (P=.005, .003, and .01 , 
respectively), and TIMP-1 levels in skin and fascia were sig- 
nificantly lower than those in uterus, ovary, fallopian tube, 
and large bowel (P=.002, :05 and .0004, respectively). 
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other tissues (P=.002, .05, and .0004, respectively); com- 
parison with levels in parietal peritoneum, adhesions, and 
ovary was not statistically significant. Comparative analysis 
of MMP-1 and TIMP-1 protein content in adhesions with 
intact parietal peritoneum and skin from the same patient 



further indicated substantial variation in their content among 
patients (data not shown). 

In patients with adhesion, the tissues contained signifi- 
cantly more TIMP-1 compared with peritoneum and skin 
(P=.05 and .03) (Fig. 4A and 4B). Because MMPs are 
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FIGURE 4 



Mean ± SE matrix metalloproteinase {MMP-1) (A) and tissue 
inhibitor of MMP-1 (TIMP-1) (B) protein content in adhesions, 
intact parietal peritoneum, and skin of 10 patients with ad- 
hesions. The TIMP-1 protein content in adhesions is signifi- 
cantly higher than that in intact parietal peritoneum (P=.05) 
and skin (P=.03). 
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produced as proenzymes and bind to TIMPs immediately 
after activation, we measured levels of MMP-1 /TIMP-1 
complex and ratios of MMP-1 to TIMP-1 in tissue extracts. 
The amount of MMP-1 /TIMP-1 complex in adhesions was 
relatively low compared with skin, fascia, and peritoneum 
(Fig. 5A); these latter tissues in turn contained significantly 
lower levels than did other tissues (P < .001). The levels of 
MMP-1 /TIMP-1 complex in adhesions differed significantly 
from those in uterus and ovary (P=.03 and .001). In addi- 
tion, 65% to 37% of MMP-1 detected in the tissue extracts 
appeared to be in complex with TIMPs (Fig. 5B). The ratio 
of MMP-1 to TIMP-1 was significantly lower in adhesions 
than in peritoneum and skin from the same patient {P<.05) 
(Fig. 5C). 



Tissues from premenopausal women expressed more 
MMP-1 and TIMP-1 compared with postmenopausal women, 
although these levels did not reach statistical significance 
(data not shown). Expression of MMP-1 and TIMP-1 among 
these tissues did not differ by age or sex (data not shown). 

DISCUSSION 

We found that serosal tissue of several intraperitoneal 
organs and adhesions expresses MMP-1 and TIMP-1 mRNA 
and protein, and levels of these substances vary consistently 
among these tissues. Serosal tissue of ovaries, fallopian 
tubes, uterus, and parietal peritoneum expresses significantly 
more MMP-1 mRNA than does serosal tissue of omentum 
and small and large bowels, and variation in TIMP-1 expres- 
sion is less distinct. However, expression of TIMP-1 mRNA 
was 10- to 10,000-fold higher in these tissues than was 
expression of MMP-1 mRNA. In contrast to mRNA expres- 
sion, MMP-1 and TIMP-1 protein content varied less among 
these tissues, although TIMP-1 content was 2- to 10-fold 
higher than MMP-1. 

The reasons for the differences in MMP-1 and TIMP-1 
expression among these tissues and the disparity between 
expression of their mRNA and their protein are not clear 
from our study. However, it is well established that MMP-1 
and TIMP-1 are deferentially expressed and regulated at 
transcriptional and translational levels in other cells and 
tissues and are influenced by local expression and action of 
various cytokines, growth factors, and hormones under nor- 
mal and pathologic conditions (4-12). Considering that 
these tissues were collected from different organs in a het- 
erogeneous sample, the differences in MMP-1 and TIMP-1 
and expression of their mRNA and protein could be due to a 
combination of the above factors and their microenviron- 
ments. 

Matrix metal loproteinases are produced as inactive proen- 
zymes that require activation for their local action. In their 
active form, they become inhibited in part by their physio- 
logic inhibitors, TIMPs (4, 5, 32). Inadequate tissue samples 
prevented us from analyzing this key property of MMP-1, 
but our results indicate that the serosal tissue of reproductive 
organs express more MMP-1 mRNA than do other intraperi- 
toneal organs (e.g., small and large bowels). In addition, the 
serosal tissue of intraperitoneal organs expresses more 
TIMP-1 than MMP-1, and adhesions express more TIMP-1 
and have a lower ratio of MMP-1 to TIMP-1 compared with 
intact parietal peritoneum. 

Although it is well established that peritoneal adhesions 
form as a result of excessive cellular or tissue injury in many 
patients who undergo pelvic or abdominal surgeries (1-3), it 
is poorly understood why adhesions develop in a particular 
tissue or patient. It is widely accepted that tissue injury alters 
local expression of various molecules, including MMPs and 
TIMPs (4, 5). Recent epidemiologic studies indicate that the 
rate of hospital readmission owing to peritoneal adhesions is 
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(A), Ratio of matrix metal loproteinase (MMP-1) to tissue inhibitor of MMP-1 (TIMP-1) in serosal tissue of the parietal peritoneum, 
uterus, ovaries, fallopian tubes (F. tube), large bowels, skin, fascia, omentum, and adhesions. The ratio of MMP-1 to TIMP-1 
in skin, fascia, and peritoneum is significantly lower than in other tissues (P<.001) and is lower in adhesions than in uterus and 
ovary (P=.03 and .001, respectively). (B), Percentiles of MMP-1 associated with TIMP-1 in the tissue extracts, calculated by 
using the equation indicated on the Y axis. (C), Ratio of MMP-1 to TIMP-1 in adhesions, parietal peritoneum, and skin from 10 
patients with adhesions. The ratio of these substances in adhesions is significantly lower than that in peritoneum and skin 
(P<.05 for * compared with **). 
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greater among women who have had gynecologic surgical 
procedures compared with other pelvic or abdominal surgery 
(2, 3), and we found that MMP-1 and TIMP-1 expression in 
serosal tissue of intraperitoneal organs, in particular the 
reproductive tissues, varied consistently; these findings to- 
gether suggest that differences in local expression of these 
molecules may predispose one organ to form more adhesions 
than others. 

Our previous studies on expression of MMP-3, TIMP-2, 
transforming growth factor j3s, and integrins in serosal tissue 
of intraperitoneal organs provide further support for this idea 
(24, 33, 34). Of note, the ovarian serosal tissue that ex- 
presses different levels of MMP-1 and TIMP-1 undergoes 
repeated tissue injury during ovulation but heals without 
scarring, supporting the observations that the type and extent 
of tissue injury are critical factors in formation of peritoneal 
adhesions. 

We also found that adhesions express more TIMP-1 and 
have a lower ratio of MMP-1 to TIMP-1 compared with 
intact parietal peritoneum in the same patient, reflecting the 
ability of adhesions to undergo prolonged tissue remodeling 
since their formation. A similar observation was made for 
TIMP-1 content in peritoneal fluid but not in serum of 
patients with and without adhesions (35), suggesting that 
local rather than systemic changes predispose patients to 
development of adhesions. Although other MMPs and 
TIMPs are also critical to wound healing, MMP-1 (intersti- 
tial collagenase), which is produced by epithelial cells, fi- 
broblasts, macrophages, and other cell types in granulation 
tissue, is present in the wound environment and plays a 
major role in various stages of healing (4, 5). 

Similar to our findings with MMP-3, TIMP-2, transform- 
ing growth factor )S, and integrin, we found that expression 
of MMP-1 and TIMP-1 in peritoneal serosal tissue does not 
differ by age or sex (24, 33, 34). These results further sug- 
gest that the molecular environment of serosal tissue of 
intraperitoneal organs differs from skin, where expression of 
MMP and TIMP during wound healing has been reported to 
be age dependent (36, 37). Although further study in a larger 
sample is required to establish age and sex dependency of 
expression of these and other molecules in intact peritoneal 
tissues and during wound healing and adhesion formation, 
continuous exposure of peritoneal serosal tissue to peritoneal 
fluid that contains many growth factors and cytokines may 
account for the differences between intraperitoneal organs 
and skin. 

Matrix metal loproteinases and TIMPs are key regulators 
of cellular migration, inflammation, angiogenesis, and, most 
noticeably, the extra-cellular matrix (ECM) turnover (4-22). 
Unregulated production of these substances at the site of 
peritoneal injury may alter normal wound healing, leading to 
formation of adhesions. Several growth factors, cytokines, 
and hormones that are locally expressed by various wound 
cells and are present in the peritoneal fluid may regulate 

1218 Chegini et al. MMP/T1MP expression in serosal tissue 



expression of MMPs and TIMPs in serosal tissue of the 
peritoneal organs (4-7, 13, 33-46). For instance, excess 
production of transforming growth factor jB, which causes 
tissue fibrosis (including peritoneal adhesions), is reported to 
differentially regulate the expression of MMPs and TIMPs 
and prevents plasmin generation by increasing the expres- 
sion of plasminogen activator inhibitor, thereby allowing 
unopposed deposition of ECM (5, 6, 32, 47-48). Increased 
local expression of plasminogen activator inhibitor in peri- 
toneal tissue after injury is reported to correspond to higher 
risk for adhesions (47-49). 

In peritoneal mesothelial cells and adhesion fibroblasts, 
transforming growth factor )3 differentially regulates expres- 
sion of a! -procollagen, fibronectin, TIMP-1, MMP-1, and 
plasminogen activator inhibitor. Plasmin generation in turn 
can activate pro-MMPs and latent transforming growth fac- 
tor/3, (4,32), implying that alteration in the expression of 
any of these molecules after tissue injury can modify their 
coordinated interactions that lead to adhesion formation. In 
addition, ovarian steroids and gonadotropins regulate the 
expression of MMPs and TIMPs in uterus and ovary, respec- 
tively (7, 29, 50). 

In conclusion, our results indicate that serosal tissue of 
various intraperitoneal organs and adhesions expresses 
MMP-1 and TIMP-1 mRNA and protein, levels of which 
varied consistently among these tissues. This variation in 
MMP-1 and TIMP-1 expression and the knowledge that 
tissue injury alters their expression suggest that MMP-1 and 
TIMP-1 play a key role in normal healing of peritoneal 
wounds and may predispose an organ to develop more ad- 
hesions than others. 
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and R. Stan Williams, M.D.; Biomaterials Center, Depart- 
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berg, Ph.D., and Lynn Peck, D.V.M.; Wayne State Univer- 
sity: Michael P. Diamond, M.D., Richard Leach, M.D., 
Ghassen Saed, Ph.D., Karen Collins, B.S., David Svinvich, 
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the Peritoneal Healing and Adhesion Multiuniversity Study (PHAMUS) Group 
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Objective: To assess the presence of matrix metalloproteinase (MMP-1) and tissue inhibitor of MMP 
(TIMP-1) in peritoneal fluid and serum of subjects with and without adhesions. 
Design: Cross-sectional study. 
Setting: Academic research centers. 

Patient(s): Sixty-three patients who underwent abdominal/pelvic surgery. 
Intervention(s): MMP-1, TIMP-1, and MMP-1 -TIMP-1 complex content. 
Main Outcome Measure(s): ELISA. 

Result(s)* Peritoneal fluids (PF) and sera of subjects with and without peritoneal adhesions contain MMP-1, 
TIMP-1 and MMP-l-TIMP-1 complex at varying levels with 10- to 100-fold higher TIMP-1 than MMP-1. 
Compared with serum, PF contains a lower level of MMP-1 in subjects with mild adhesions and without 
adhesions, higher TIMP-1 in subjects with extensive adhesions, and lower MMP-l-TIMP-1 complex in 
subjects with moderate adhesions. However, the serum and PF content of MMP-1, TIMP-1 and MMP-l- 
TIMP-1 complex was not statistically different among subjects with or without adhesions, with the exception 
of TIMP-1 in PF of subjects with extensive adhesions. MMP1-TIMP-1 ratio indicates that a major portion of 
MMP-1 is in complex with TIMP-1. There was no age- or gender-dependent difference in MMP-1 and 
TIMP-1 content in serum or PF. 

Conclusion(s): Despite differences in MMP-1 and TIMP-1 levels in serum and PF of subjects with extensive 
and moderate adhesions, there is no correlation between MMP-1 and TIMP-I, with the exception of higher 
TIMP-1 in PF of subjects with extensive adhesions. (Fertil Steril® 2001;76:1207-11. ©2001 by American 
Society for Reproductive Medicine.) 

Key Words: MMP-1, TIMP-1 serum, peritoneal fluid, peritoneal adhesion 



Proteolysis of extracellular matrix (ECM) is 
critical to inflammation, cellular migration, an- 
giogenesis, proliferation, and tissue remodeling, 
processes that are integral parts of normal wound 
healing (1-3). Several classes of endoproteinases 
such as matrix metalloproteinases (MMPs) with a 
broad range of proteolytic activity have been 
identified, and patterns of their expression indi- 
cate a low level of expression in normal adult 
tissue, with the exception of tissues that normally 
undergo extensive remodeling, such as endome- 
trium during the menstrual cycle and tissues dur- 
ing the early phase of wound healing (1-8). 

Furthermore, elevated expression of MMPs 



has been associated with various connective 
tissue disorders; inflammation; and impaired, 
nonhealing wounds (1, 5-14). The proteolytic 
activity of MMPs is controlled in part by natu- 
rally occurring inhibitors, the tissue inhibitor of 
MMPs (TIMPs). They consist of TIMP-1 to 
TIMP-4 and are expressed in a wide variety of 
tissues, and in addition to inhibiting MMP pro- 
teolytic activity, they regulate cell migration, an- 
giogenesis, and cell growth (1, 2, 11, 15-17). 

Recent reports also indicate that MMPs and 
TIMPs are expressed by peritoneal mesothelial 
cells, adhesion fibroblasts, and serosal tissue of 
various peritoneal organs and are detectable in 
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peritoneal fluid of surgically induced adhesions in rats and 
humans with endometriosis and peritonitis (18-25). These 
results suggest that MMPs and TIMPs may influence the 
outcome of peritoneal wound healing and the incidence of 
adhesion formation after cellular or tissue injury induced by 
surgical procedure, infection, and inflammation. The objec- 
tive of this study was to determine whether alteration in 
peritoneal MMP-1 and TIMP-1 correlates with the presence 
of peritoneal adhesions and whether the changes are re- 
flected systemically in serum of these subjects. 

MATERIALS AND METHODS 

Peritoneal fluids (PF) and serum were collected from 63 
subjects with and without adhesions who were undergoing 
abdominal or pelvic surgeries. Of these patients 51 were 
female and 12 were male, ranging in age from 24 to 83 years. 
Of the female patients, 42 were premenopausal, of whom 23 
had undergone previous surgical procedures including cesar- 
ean sections, bilateral tubal intervention, appendectomy, 
ovarian cystectomy, hysterectomy, and/or treatment for en- 
dometriosis, and 9 were postmenopausal. Male patients were 
scheduled to undergo various gastrointestinal surgical pro- 
cedures. 

On the basis of the premenopausal patient's last menstrual 
period and endometrial histology, 19 were in the prolifera- 
tive phase and 23 were in the secretory phase of the men- 
strual cycle. Pelvic findings at surgery were used to assess 
the type of adhesions, which were classified based on their 
severity as previously described (26). All patients gave in- 
formed written consent before undergoing surgery. The in- 
stitutional review board approvals were obtained from the 
University of Florida, Wayne State University, and Gothen- 
burg University before initiation of the study. 

Peritoneal fluids were not included in the assay if grossly 
contaminated; therefore, PF from 26 subjects were included 
in this study. Aliquots of peritoneal fluids and sera were 
stored at -80°C until assayed. Total protein content was 
determined using a standard protein assay (Bio-Rad, Her- 
cules, CA). An equal amount of total protein from each 
preparation was subjected to ELISA measuring total MMP-1 
(free and complex with TIMP-1 but not with a2-macroglob- 
ulin), total TIMP-1 (free and complex with MMPs), and 
MMP-l-TIMP-1 complex (activated MMP-1 in complex 
with TIMP-1), respectively. Human-specific MMP-1, 
TIMP-1, and MMP-1 -TIMP-1 complex ELISA kits with 
limits of detection of 1.7, 1.3, and 1.5 ng/mL, respectively, 
were purchased from Oncogene Sciences, Inc. (Cambridge, 
MA). All measurements were performed in duplicate, and 
the results are reported as mean ± SEM per milligram of 
total protein. 

For statistical analysis, unpaired Student's / test and 
Kruskal-Wallis one-way analysis of variance with Dunn test 



using computer software program SigmaStat (Jandel Co, San 
Rafael, CA) was performed. A probability level of P<.05 
was considered significant. 

RESULTS 

All the PF and sera assayed contained MMP-1, TIMP-1, 
and MMP-l-TIMP-1 complex at varying levels with 10- to 
100-fold higher TIMP-1 than MMP-1. Comparatively, PF 
contains less MMP-1 CP=.01) and MMP-l-TIMP-1 com- 
plex (P=.03) and more TIMP-1 (P=.02) than sera, with 
substantial variations among the subjects (Fig. 1). The serum 
levels of MMP-1 were higher in subjects with moderate 
adhesions and without adhesions compared with PFs 
(/*<.05); however, their levels in serum or PF among sub- 
jects with adhesions were not significantly different com- 
pared with those in subjects without adhesions (Fig. 2A). 

The level of TIMP-1 in PF and sera of subjects with 
different rates of adhesions and without adhesions is shown 
in Fig. 2B. These levels were not significantly different 
between and among the groups, with the exception of higher 
TIMP-1 in PF of subjects with extensive adhesions com- 
pared with those without adhesions (P<.05). The levels of 
MMP-l-TIMP-1 complex were low and with the exception 
of higher levels in sera of subjects with moderate adhesions 
(P<.05), these levels were not significantly different be- 
tween sera and PF among these groups with or without 
adhesions. In addition, the MMP-l-TIMP-1 ratio indicates 
that a major portion of MMP-1 is in complex with TIMP-1 
(data not shown). 

DISCUSSION 

In the present study, we have provided evidence that the 
peritoneal fluid levels of TIMP-1 in subjects with extensive 
adhesions, but not those with moderate or mild adhesions, 
are higher compared with those in subjects without adhe- 
sions. Such differences were not observed for MMP-1 in PF 
or for MMP-1 and TIMP-1 in sera, implicating local rather 
than systemic alterations in TIMP-1 expression in subjects 
with adhesion. Interestingly, there was an inverse relation 
between TIMP-1 and MMP-1 levels in serum and PF of 
subjects with extensive and moderate adhesions, but not in 
other groups, with or without adhesions. In addition TIMP-1 
levels exceeded that of MMP-1 by 10- to 100-fold, suggest- 
ing that TIMP-1 may play a more critical role in adhesion 
development if their levels are altered after peritoneal tissue 
injury. 

The most likely source of MMP-1 and TIMP-1 in PF is 
the peritoneal mesothelial cells that express MMP-1 and 
TIMP-1 mRNA and protein and other MMPs and TIMPs 
(18, 19). However, we have shown a substantial variation in 
MMP-1 and TIMP-1 expression among the serosal tissue of 
intraperitoneal organs and adhesions, with TIMP-1 expres- 
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FIGURE 1 



Notched box plots showing the distribution of MMP-1 (A), 
TIMP-1 (B), and MMP1/TIMP1 complex (C) in serum and 
peritoneal fluid. The vertical line within the box boundaries 
represents the distribution of the middle 50%, the thin hori- 
zontal lines within the boxes are the median, and the thick 
lines are the arithmetic mean. The notches show the 95th 
percentile and the error bars, the 90th and 10th percentiles. 
In A, B, and C, serum level (*) differs from peritoneal fluid level 
(P. Fluid; P=.01, .02, and .03, respectively). 
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sion exceeding that of MMP-1 by —100- to 10,000-fold and 
by 2- to 10-fold at mRNA and protein levels, respectively 
(20). 



FIGURE 2 



The levels (mean ± SEM) of MMP-1 (A), TIMP-1 (B), and 
MMP-1/TIMP1 complex (C) in serum and PF of subjects with 
extensive, moderate, and mild adhesions, and without adhe- 
sions. There was no significant difference in MMP-1 , TIMP-1, 
or MMP-1 -TIMP-1 complex levels among the groups, with 
the exception of TIMP-1 in PF of subjects with extensive 
adhesions. \ ^Statistically significant difference between 
these groups (P<.05). No-Adhs = no adhesion. 
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A higher TIMP-1 content and low MMP-1 -TIMP-1 ratio 
in PF imply that the peritoneal environment favors matrix 
deposition rather than degradation at least in subjects in our 
study. Similar to the serosal tissues, most of the MMP-1 
detected in the PF and serum was in complex with TIMP-1. 
Whether such an environment is maintained immediately 
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after peritoneal injury and during the early phase of perito- 
neal healing has not yet been determined. However, in sur- 
gically induced peritoneal injury in rats, the PF levels of 
MMP and MMP-1 activity before injury and 7 weeks after 
injury has been reported to be similar, although adhesions 
scores showed positive correlation with MMP activity (22). 

In contrast, the TIMP-1 content in PF and sera of women 
with endometriosis, a condition that is associated with peri- 
toneal inflammation, has been reported to be significantly 
lower compared with that in disease-free women (23). Fur- 
thermore, in subjects with peritonitis, the peritoneal effluent 
levels of latent and activated MMP-9 and TIMP-1, but not 
MMP-2 and TIMP-2, have been reported to be higher at the 
onset of peritonitis, a condition that causes peritoneal adhe- 
sion, than during the recovery phase of peritonitis and/or in 
normal controls (24). 

A lack of correlation between MMP-1 activity in PF and 
peritoneal injury in rats (23) is most likely to be caused by 
timing of the second look at 7 weeks, because elevated 
expression of various factors at the site of peritoneal wounds 
and in PF has been reported to peak during the 1st week 
postinjury and to return to normal levels thereafter (27-29). 
Such pattern of expression has also been reported for MMPs 
and TIMPs in dermal wound healing whose expression and 
activity increases during the 1st week after injury, with the 
exception of chronic and impaired wounds (1, 5, 6, 10-17). 

Because peritoneal adhesions form as a result of exces- 
sive cellular migration and matrix deposition, and MMPs 
and TIMPs are considered as key regulators of these events, 
alterations of their expression could play a critical role in 
adhesion development. In particular, MMPs and TIMPs 
modulate cellular migration, inflammation, angiogenesis, 
cell growth, and most noticeably the extracellular matrix 
turnover, events that are critical in the outcome of normal 
wound healing and disorders such as delayed and chronic 
wounds and scar formation (1-17). Further studies of the 
role of MMPs and TIMPs in these events involving perito- 
neal mesothelial and adhesion fibroblasts are needed to bet- 
ter our understanding of the peritoneal environment that 
leads to adhesion development. 

Interestingly, we found a lack of correlation between PF 
and serum levels of MMP-1 and TIMP-1 and that of age and 
gender and between premenopausal and postmenopausal 
women, a condition that was observed for the expression of 
MMP, TIMP, TGF-0, and integrin in serosal tissue of sev- 
eral intraperitoneal organs (20,21,30,31). These results 
support the clinical observations that a vast number of sub- 
jects who undergo surgical procedures develop adhesions, 
although certain populations, regardless of age and gender, 
develop more adhesions than others (32, 33). 

These findings suggest that factors present in peritoneal 
fluid may directly or indirectly influence the peritoneal en- 
vironment, which is distinct from other wounds, including 



dermal wounds in which age-dependent healing has been 
observed (1, 2). This includes the influence of a variety of 
cytokines, growth factors, and hormones that are expressed 
by the serosal tissue of these organs and are present in 
peritoneal fluids and that also regulate the expression of 
MMPs and TIMPs (1, 2, 4, 13, 27-29, 34). 

In summary, these results indicate that peritoneal fluid 
and serum of subjects with and without adhesions contain 
MMP-1 and TIMP-1, with higher TIMP-1 levels in PF of 
subjects with adhesions. The results suggest that local rather 
than systemic alteration involving TIMP-1 may provide a 
favorable condition that predisposes an individual to develop 
adhesions and further supports their establishment after peri- 
toneal injury. 
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